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ABSTRACT 


Analyses  of  available  handling  qualities  data  were  performed  to 
determine  later al/directional  dynamic  requirements  for  VTOL  aircraft 
in  hover  and  low  speed  flight. 

The  basis  for  this  treatment  is  an  examination  of  the  pilot/vehicle 
as  a  closed-loop  servo  system.  The  quasi- linear  pilot  describing  function 
is  applied.  The  results  of  the  studies  suggest  that  the  primary  factors 
identifying  satisfactory  and  unacceptable  hover  mode  dynamic  features 
are  related  to  the  closed- loop  deficiencies. 

Detailed  consideration  is  made  of  the  control  task  and  piloting 
functions  in  transition  flight.  The  results  of  this  generic  appraisal 
are  evoked  to  confirm  and  justify  preliminary  lateral/directional 
requirement  for  control  in  transition. 
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3*  When  the  closed-loop  factors  differ  in  form  from  their  open-loop 
origins,  several  possibilities  exist. 


For  closed-loop  factors  "which  have  the  same  form  as, 
and  are  approaching,  open-loop  zeros,  the  closed-loop 
factor  notation  is  that  of  the  open-loop  zeros  (plus 
a  prime).  For  example,  open-loop  quantities  (s  +  l/Tg^ 
and  (s  +  l/T dp),  couple  to  form  a  quadratic 

approaching  the  open-loop  zeros  of  ( s^  +  2t>Toyrs  +cjd^) , 
would  give  rise  to  a  closed-loop  factor  ordinarily 
denoted  as  ( s2  +  2^-^.s  +u^2) . 


b.  For  closed-loop  factors  which  differ  in  form  from  both 
the  open-loop  poles  from  which  they  depart  and  the  open- 
loop  zeros  which  they  ultimately  approach,  a  special 
notation  is  coined  which  ordinarily  reflects  the  origin 
of  the  factor.  For  example,  closed-loop  factors  which 
start  from  s=0  and  s=— l/Tp,  couple  to  form  a  quadratic, 
and  subsequently  decouple  to  end  finally  at  two  real 
zeros,  would  be  denoted  s2  +  2^pops +oor2  in  the  quadratic 
region. 


c.  Closed-loop  factors  which  have  no  readily  identified 
origin  or  end  point,  such  as  one  starting  at  s  =  0  and 
approaching  s=oo  as  gain  increases,  are  given  a  specially 
coined  notation,  e.g.,  l/T^. 

b.  When  the  application  of  these  rules  by  rote  would  result  in  great 
confusion  in  the  local  context,  a  new  form  is  substituted  for  the 
closed-loop  factor  involved.  Primes,  however,  are  always  retained. 


SECTION  I 


INTRODUCTION 


Over  the  past  two  years ,  under  the  VTOL  Integrated  Flight  Control  Systems 
Program  (VIFCS),  a  significant  increase  in  the  detailed  understanding  of 
flying  quality  requirements  for  VTOL  aircraft  has  been  obtained  through 
application  of  pilot/vehicle  closed- loop  analyses.  Such  analyses,  when 
correlated  with  available  pilot  rating  (and  commentary)  data,  established 
that  longitudinal  dynamic  requirements  for  hover  control  were  primarily 
related  to  closed- loop  piloting  functions.  This  led  to  the  consolidation 
of  the  results  of  past  handling  quality  experiments  for  this  control  mode 
and  a  preliminary  prediction  of  the  requirements  for  longitudinal  control 
in  hover  (Ref.  l).  Two  recent  VIFCS  programs  (Refs.  2  and  3)  have  provided 
some  experimental  validation  of  these  requirements.  Also  it  is  noteworthy 
that  the  pilot  compensation  characteristics  derived  from  the  experimental 
data  of  Ref.  2  are  in  good  agreement  with  these  analytical  predictions. 

Encouraged  by  the  success  of  these  previous  efforts,  the  analytical 
studies  were  extended  to  cover  lateral/directional  control  aspects.  This 
report  presents  the  results  of  this  second  series  of  analyses  which,  again, 
covers  both  hover  and  transition  flight  regimes.  Since  these  lateral/ 
directional  studies  represent  an  extension  of  the  longitudinal  efforts 
reported  in  Part  I  (Ref.  l),  much  of  the  background  justification  and  the 
procedures  for  application  of  the  pilot /vehicle  analysis  techniques  given 
therein  are  omitted  here.  For  this  reason  it  is  suggested  that  the  reader 
may  find  it  desirable  to  refer  to  Part  I  occasionally  for  background. 

Section  II  summarizes  the  basic  manual  control  requirements  defining 
satisfactory  and  unacceptable  lateral  hover  dynamics .  These  requirements 
are  identified  in  terms  of  vehicle  dynamic  characteristics  and,  where 
possible,  their  equivalence  is  expressed  in  terms  of  aerodynamic  deriva¬ 
tives.  The  hover  dynamic  requirements  identified  cover  the  airframe  without 
augmentation  (e.g.,  conventional  helicopter  dynamic  characteristics)  and  the 
airframe  dynamics  as  modified  by  angular  rate  and  position  augmentation 
schemes  and  by  translation  augmentation  schemes.  The  pilot /vehicle  control 
situations  associated  with  each  level  of  augmentation  are  discussed  briefly 
to  support  these  requirements  and  as  a  means  of  gaining  overall  understanding. 

Section  III  then  expands  the  hover  mode  consideration  by  examining  some 
effects  of  the  nonidealized  flight  control  system  (i.e.,  including  nonline- 
ayities  and  control-coupling  terms).  Emphasis  is  placed  on  gaining  insight 
to  illustrate  how  such  control  system  properties  affect  the  closed- loop  hover 
control . 

The  lateral/directional  transition  studies  are  presented  in  Section  IV. 
These  efforts  start  with  detailed  generic  studies  of  the  vehicle's  stability 
and  control  characteristics  as  they  change  from  hover  to  transition,  and  pro¬ 
ceed  to  illustrate  the  piloting  control  problem  associated  with  various 
closed- loop  control  tasks.  The  stability  derivatives  of  a  tilt-wing  air¬ 
craft  are  used  to  provide  a  realistic  basis  for  these  analyses.  With  this 
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background  study  of  lateral/directional  control  in  transition,  the  results 
from  several  handling  quality  experiments  are  examined  and  the  closed-loop 
analyses  are  used  to  explain  the  root  causes  for  the  good  and  bad  pilot 
rating. 

Conclusions  to  be  drawn  from  the  results  of  these  studies  and  recommenda¬ 
tions  for  further  experimentation  are  presented  in  Section  V. 

The  appendices  contain  substantiating  data  which  were  considered  too 
detailed  and/or  mathematical  for  presentation  in  the  body  of  the  report. 
Appendix  A  provides  case  studies  and  analytical  treatments  covering  the 
dynamic  requirements  derived  for  the  hover  mode. 
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SECTION  II 


MANUAL  CONTROL  REQUIREMENTS  FOR  IATERAL  HOVER 


In  the  longitudinal  studies  of  Part  I  (Ref.  l)  it  was  established  that 
the  primary  manual  control  problems  in  hover  are  associated  with  closed- loop 
pilot/vehicle  deficiencies.  Because  the  characteristics  of  the  longitudinal 
and  lateral  modes  in  hover  are  dynamically  equivalent,  we  would  anticipate 
similar,  if  not  identical,  manual  control  requirements,,  That  is,  if  we 
maintain  the  pilot  model  concept  and  adjustment  rules  as  employed  in  the 
longitudinal  study,  the  same  or  similar  requirements  would  evolve  for  lateral 
control.  Despite  such  expectations,  it  was  considered  desirable  and  necessary 
to  proceed  with  a  complete  examination  of  the  lateral  closure  aspects,  and 
corresponding  data,  in  order  to: 


1 .  Solidify  preliminary  predictions  (based  on  longitudinal 
results)  into  a  suitable  set  of  lateral  dynamic  require¬ 
ments  . 

2.  Illustrate  the  detailed  effects  of  various  gust-sensitive 
derivatives  on  pilot  compensation  needs  and  error  per¬ 
formance  . 

3.  Study  a  broader  cross  section  of  dynamic  features 
resulting  from  various  augmentation  schemes. 

4.  Consider  the  effects  of  flight  control  system 
properties  and  control  cross- coupling  terms. 


A  review-  of  the  above  studies  is  accomplished  in  this  section.  For  the 
detailed  supporting  analyses  associated  with  these  items  the  reader  is 
referred  to  Appendix  A. 


A.  LATERAL  DYNAMIC  REQUIREMENTS 


To  establish  the  dynamic  requirements  which  identify  satisfactory 
(3  <  FR  <  4)  and  unacceptable  (6  <  ER  <  7)  boundaries  for  the  lateral 
hover  mode,  a  detailed  survey  was  made  of  the  dynamic  characteristics 
experimentally  tested  in  Refs.  2  through  10.  The  results  of  the  survey 
including  the  dynamic  characteristics,  which  are  described  by  families  of 
Bode  plots  representing  both  opinion  levels,  are  given  in  Appendix  A.  This 
review  of  open-loop  features  follows  the  procedure  developed  and  utilized 
in  the  longitudinal  studies  of  Part  I  (Ref.  l).  Essentially  this  involves 
a  breakdown  of  the  airframe  dynamics  into  "effective  vehicle"  classifications. 
In  making  these  distinctions,  we  again  subdivided  the  dynamic  features  into 
controlled  elements  representing  one  of  the  following: 
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«  Conventional  VTOL  systems  (including  subsidiary  forms) 

•  Attitude  augmentation  systems 

•  Position-  or  translational- loop  augmentation  systems 

•  Combined  attitude  and  translational  systems . 


The  requirements  derived  from  the  survey  for  each  controlled  element  classi¬ 
fication  are  reviewed  and  some  of  the  pertinent  closed- loop  implications  are 
noted  after  first  briefly  considering  the  bases  and  form  for  their  presenta¬ 
tion. 

1 .  Basis  for  Specification  of  Dynamic  Requirements 


An  underlying  problem  associated  with  specifying  dynamic  requirements  is 
finding  an  appropriate  set  of  parameters  or  indices  of  merit.  In  general, 
for  a  given  control  task  or  piloting  situation,  suitable  criteria  should 
reflect  consideration  of: 

•  Pilot/vehicle  performance  merits  (e.g.,  regulation 
errors,  closed- loop  responses,  etc.) 

•  Closed-loop  pilot  effort  and  compensation  requirements 

•  Vehicle  only  (i.e.,  open- loop)  dynamics 

•  Derivatives 

•  Transfer  function  factors 

•  Response  time  histories 

For  a  given  task,  the  vehicle  (controlled  element)  dynamics  determine  the 
required  pilot  effort  and  compensation,  and  the  resulting  task  performance. 
Thus  criteria  based  on  controlled- element  dynamics  are,  perhaps,  most 
inclusive  of  all  the  above  considerations,  for  a  given  task.  Furthermore, 
although  the  aspects  of  closed- loop  control  may  really  dominate  a  given 
situation  the  present  state  of  art  (e.g..  Ref.  11 )  does  not  permit  the  use 
of  pilot-related  quantitative  factors  for  the  establishment  of  firm  require¬ 
ments.  Nevertheless,  a  study  of  the  closed-loop  aspects  is  very  instructive, 
can  be  used  to  make  comparisions  and  extrapolations,  and  often  reveals  the 
underlying  basis  for  the  requirement  on  the  vehicle-only  dynamics  (e.g.. 

Ref .  1 ) .  Accordingly,  while  the  main  thrust  of  the  data  correlations  is 
directed  along  the  line  of  vehicle  dynamic  parameters,  closed-loop  studies 
are  later  invoked  to  provide  understanding  and  a  basis  for  extrapolation 
to  different  situations. 

The  remaining  consideration  on  the  use  of  vehicle  dynamic  parameters  is 
whether  to  define  the  criteria  in  terms  of  the  aerodynamic  derivatives,  the 
transfer  function  factors,  or  response  time  histories.  In  any  case,  the 
general  suitability  of  the  resulting  criteria  will  depend  on  which  form  is 
more  closely  related  to  the  true  or  primary  causal  effect.  Furthermore, 
any  such  criteria  will  be  subject  to  some  conditional  exceptions  because 
of  the  approximations  and  assumptions  involved  in  derivation  of  the  key  merit. 
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Based  on  the  longitudinal  analyses  of  Part  I  (Ref.  1 ),  and  the  detailed 
lateral  correlations  in  Appendix  A,  the  transfer  function  factors  are 
favored  as  the  means  of  specifying  the  hover  dynamic  requirements.  This 
selection  stems  from  the  fact  that  the  dominant  factors  in  the  pilot  opinion 
of  the  hover  handling  qualities  do  apparently  involve  the  closed-loop  aspects. 
However,  for  some  of  the  simple  controlled  elements  associated  with  conven¬ 
tional  VTOL  aircraft,  the  criteria  will  also  he  expressed  in  terms  of  the 
aerodynamic  derivatives. 

2.  Conventional  VTOL  Lateral  Dynamics  and 

Simple  Attitude-Rate  Augmentation 

The  conventional  lateral  dynamics  are  those  controlled  elements  which 
are  specified  by  the  vehicle's  aerodynamic  properties  (see  Table  I).  As 
such,  the  tie  between  the  controlled  element  dynamics  and  the  aerodynamic 


TABLE  I 

EFFECTIVE  LATERAL  CONTROLLED  ELEMENT  FORMS 
FOR  CONVENTIONAL  VTOL  SYSTEMS 


BASIC  FEATURES  AND 
SUBSIDIARY  FORMS 

PRIMARY  CONTROL, 
ATTITUDE  cp/5 

SECONDARY  CONTROL, 
POSITION  y/B 

1 .  Inertial  Form 
(i.e.,  Yv  = 

Ly  =  Lp  =  0) 

I© 

s2 

gL8 

2 .  Angular  Damping 
Form  (Lp  ^  0, 

Yv  =  Iv  =  0) 

h 

gLB 

s(s  +  1/Tr) 

s5(s  + l/TR) 

3.  Aerodynamic  Form 
(i.e.,  v  and  p 
terms  not  zero) 

L5(s  +  1/T9i  ) 

s1© 

(  s  +  1  /Tr)  ( s2+  2^dcnds  +  cd|) 

s  ( s  +  1  /Tr  )  (  s  +  2^CD^S  +  CD^) 

where : 


LR 


3 

T 


K~_ 

ijz 


gl>v 


(1) 


T 


cp1 


-Y- 


V 


“d 


^d^d 


(2) 

(3) 


(b) 
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derivatives  can  be  made  with  reasonable  ease  (Eqs.  1  through  4).  In 
addition,  the  factors  governing  pilot/vehicle  performance,  such  as  rms 
errors  and  control  activity,  can  be  related  both  to  specific  derivatives 
and  to  the  pilot  activity  (e.g.,  gain  and  lead). 

The  review  of  extant  open- loop  dynamic  data  presented  in  Appendix  A 
shows  that  the  dynamics  features  for  the  lateral  mode  which  define  satis¬ 
factory  (3  £  PR  £  4.0)  and  unacceptable  (6.0  £  PR  £  7.0)  boundaries  are 
essentially  the  same  as  the  longitudinal.  Table  II  shows  the  comparison 
between  the  longitudinal  mode  features  from  Ref.  1  and  the  present  lateral 
study.  The  longitudinal  criteria  are  identified  by  the  subscripts  p,  sp, 

0,  u;  the  lateral  by  the  subscripts  d,  R,  <p,  v. 

The  lateral  dynamic  boundaries  differ  from  longitudinal  only  in  the 
level  of  the  aperiodic  mode  (roughly  given  by  the  rotary  damping,  L_,  e.g., 
Eq.  1 )  required  for  a  satisfactory  rating.  Basically,  the  minimum 
acceptable  roll  subsidence  mode  inverse  time  constant  is  1 /Tr  >1.25  sec-1 
which  corresponds  approximately  to  a  minimum  effective  airframe  damping  of 
— hp  >  1.0  sec-1 .  This  level  of  rotary  damping  results  in  an  oscillatory 
mode  damping,  £<3,  always  greater  than  zero.  Such  a  level  of  oscillatory 
damping  is  apparently  required  to  yield  an  acceptable  rating  regardless 
of  whether  or  not  motion  cues  are  available  in  the  simulation,  whereas 
less  stable  dynamics  are  rated  as  satisfactory  for  longitudinal  control 
■when  motion  is  available*  (Ref.  1 ) . 

The  satisfactory  boundary  level  from  Table  II  can  be  expressed  in  terms 
of  the  aerodynamic  derivatives  by  the  relationships  of  Eqs.  1  through  4. 

The  results  of  this  conversion  are  given  in  Fig.  1,  which  also  shows  the 
criteria  values  of  1 /Tr  =  1  .25,  =  0.5,  =  0.  Because  the  longitudinal 

and  lateral  modes  are  dynamically  similar  in  hover  the  rotary  damping, 

Lp,  can  be  replaced  by  its  longitudinal  equivalent.  Mg,  and  gly  by  — gM^; 
thus,  except  for  the  slightly  higher  1 /Tr  cutoff  in  Fig.  1,  these  require¬ 
ments  could  apply  equally  as  well  to  the  longitudinal  mode  (see  longitudinal 
counterpart  to  Fig.  1  in  Ref.  l). 

The  unacceptable  dynamics  (6  £  PR  £  7)  of  Table  II  show  essentially  the 
same  characteristics  for  both  lateral  and  longitudinal  control  with  the 
dominant  features  being  the  unstable  oscillatory  mode  near  1  rad/sec  (i.e., 
^d  <  0).  The  higher  frequency  oscillatory  mode  stems  primarily  from  the 
high  lateral  stability  term  gLy.  although  a  very  low  angular  damping,  Lp, 
tends  to  increase  (e.g.,  see  Eq.  3). 


*The  damping  differences  noted  here  between  the  longitudinal  and  lateral 
requirements  represent  a  statistical  difference  between  the  mean  values; 
therefore,  the  discrimination  between  acceptable  values  of  1 /TSp  and  1 /Tr 
is  subject  to  a  low  confidence  level.  Nevertheless,  it  is  considered 
indicative  of  the  trend  for  higher  minimum  satisfactory  damping  levels 
for  the  lateral  axis. 
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TABLE  II 


COMPARISON  BETWEEN  LONGITUDINAL  AND  LATERAL  CRITERIA  COVERING  SATISFACTORY 
AND  UNACCEPTABLE  RATING  LEVELS  FOR  CONVENTIONAL  VTOL  DYNAMIC  FEATURES 


DYNAMIC 

SATISFACTORY 

UNACCEPTABLE 

PROPERTIES 

3  <  PR  <  4 

6  <  PR  <  7 

Attitude  Loop 

1 .  Oscillatory  Mode 

a.  Frequency, 

o>p  <  0.5  rad/sec 

o>p  >  0.8  rad/sec 

b.  Damping, 

>  0  (stable) 
or  £pu>p  >  °-2* 

£p  <  —0.15  (unstable) 

a.  Frequency, 

cd^  <  0*5  rad/sec 

(jc^L  >  0.8 

b.  Damping, 

£a  > 0 

^dmd  >  °-15 

2.  Aperiodic  Mode 

VTsp2 

V^sp2  >  1 

VTsp2  = 

Vtr 

1/Tr  >  1-25 

•11 

E? 

3 .  Numerator  Term 

1/T01  or  1/Tcpi 

0  =  1/T01  or  <  1/2  cop 

0  =  VTcpi  or  <  l/2  (i^ 

b.  Dominant  vehicle 

asymptotic  dynamic 
form  near  2  rad/sec 

K/s 

K/s2 

con  _  or  Op 
ce  ccp 

5.  Phase  margin  near 
limiting  o>p  or  od^ 

%  >  of 

%  <  -400 

6.  Lowest  frequency 

for  stability,  <x>n  * 

^  1 

c0q  ^  ^  1*0 

0>c1  >  1.0 

Position  Loop 

1 .  Dominant  vehicle 

asymptotic  dynamic 
form  near  1  rad/sec 

k/s5 

K/s^ 

^c 

*Re quires  moving-base  or  flight  test  simulation  conditions  (i.e., 
angular  motion  cues). 

t Conditions  required  only  for  >  -0.2. 

fThe  lowest  frequency  for  which  the  phase  margin  is  zero. 
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Roll  Rate  Damping  ,  Lp  (sec) 


-7 


Data  Source  Note: 


.2  .4  .6  .8  1.0  1.2 

Lateral  Stability  Factor,  gLv 


Figure  1 .  Satisfactory  Handling  Qualities  Roll  Rate  Damping  Requirements 
Implied  from  Transfer  Function  Factors 
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The  above  requirements  also  apply  to  the  simple  attitude-rate 
augmented  aircraft  because  such  augmentation  simply  increases  the 
effective  rotary  damping.  However,  the  consequence  of  attitude  feed¬ 
back  and  the  means  of  expressing  the  boundaries  -(e.g.,  the  s-plane 
presentation  of  the  criteria  is  more  appropriate)  need  further  consid¬ 
eration,  as  summarized  next. 

5.  Attitude  Augmentation  Systems 

The  effective  controlled  element • forms  for  attitude  augmentation  systems 
may  be  subdivided  into  two  categories.  These  categories  are  expressed  by 
the  ratio  of  the  angular  position  feedback,  K^,  to  the  angular  rate  feed¬ 
back,  (i.e.,  1/Te  =  Kgj/Kij)  relative  to  the^basic  aircraft  aperiodic 
mode  (i.e.,  the  unaugmented  roll  subsidence  mode),  1/Tr.  Reference  1 
discusses  the  longitudinal  equivalent  of  such  considerations  in  some 
detail  and  illustrates  the  changes  in  the  controlled  element  dynamics 
resulting  from  the  selection  of  l/TE  greater  or  less  than  the  airframe 
aperiodic  mode  (l/TSp  or  1/Tr  in  the  present  case).  The  two  resulting 
effective  controlled  Element  forms  appropriate  for  lateral  hover  are 
presented  in  Table  III  below  for  reference. 


TABLE  III 

ATTITUDE  AUGMENTATION  SYSTEM 


BASIC  FEATURES 

PRIMARY  CONTROL 
ATTITUDE,  9/5 

SECONDARY  CONTROL 
LATERAL  POSITION,  y/b 

Category  I 

V^E  <  1/Tr 

<4  ^  “d 

L&(s  + 1/T9i) 

-gL& 

(s  +  1/Tr)(s2  +  2^a^s  +a42) 

s  ( s  +  1  /  T^)  (&?  +  ) 

Category  II 

i/te  >  1/Tr 

(s  +  1/T^ )/(s  +  T/Tr)  =  1 

LS 

~gL5 

s2  +  2£d<4s  +“d2 

s2(s2  +  2^c4s+<42) 

Basically,  Category  I  systems  have  low  stiffness  and  they  exhibit 
responses  equivalent  to  conventional  VTOL  dynamics.  Thus  the  dominant 
response  is  that  of  attitude  rate  proportional  to  control  input  (i.e., 
9/5  =  K/s).  The  Category  II,  or  high  stiffness,  system  is  dominated*by 
the  high  frequency  second-order  mode  and  the  command  response  to  stick 
input  is  attitude  (i.e.,  9/6  =  K) .  The  separation  of  the  dynamic  cate¬ 
gories  according  to  the  attitude  response  properties  becomes  fuzzy  as 
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effective  augmentation  lead,,  1  /Te,  approaches  1  /Tp>  and  as  the  rotary 
damping,  Lp,  approaches  zero.  However,  the  method  of  classification 
for  Category  I  and  II  systems  remains  valid  regardless  of  the  airframe  aero¬ 
dynamic  derivatives.  This  is  significant  because  we  are  concerned  here 
with  prescribing  conditions  under  which  a  given  set  of  handling  quality 
requirements  will  apply. 

The  reader  is  further  cautioned  not  to  confuse  the  net  derivatives 
L„  and  Lp  with  the  feedback  gain  terms,  and  K* .  Generally,  these 
terms  are  not  equivalent  since  the  inherent  airframe  stiffness  or 
damping  is  lumped  with  similar  artificially  created  terms  when  the 
derivatives  and  Lp  are  used. 

With  these  comments  as  background,  the  dynamic  requirements  for 
attitude  augmentation  systems  are  reviewed.  These  were  established 
initially  by  applying  the  governing  closed-loop  considerations  deter¬ 
mined  as  important  for  conventional  VTOL  dynamics.  These  closed-loop 
aspects  were  first  derived  in  Ref.  1  for  longitudinal  control  and  are 
applied  in  Appendix  A  to  cover  lateral  control.  Essentially,  this  means 
that  the  same  pilot  compensation  and  performance  merits  (i.e.,  lead, 
crossover  frequencies,  etc.)  predicted  for  the  satisfactory  conventional 
dynamics  were  used  to  define  satisfactory  regions  for  the  attitude  system. 
The  confirmation  of  these  predicted  boundaries  was  then  obtained  from  the 
experimental  results  in  Refs.  2,  9,  10,  26,  27,  28.  Data  from  these  sources 
encompass  both  Category  I  and  II  systems.  Again,  detailed  discussions  of 
the  documented  results  and  verification  of  boundaries  are  contained  in 
Appendix  A. 

a.  Category  I  Systems  ( 1  /Tg  <  1 /Tr) .  Basic  dynamic  requirements  for 
satisfactory  hover  control  covering  the  Category  I  or  rate-type  damper 
systems  are  identified  by  the  dynamic  regions  in  the  s-plane  plot  of 
Fig.  2.  These  open- loop  dynamic  characteristics  constitute  boundary  or 
limiting  pilot  control  situations .  The  regions  identified,  by  letter 
relate  the  dynamic  characteristic  to  the  appropriate  closed-loop  piloting 
factors  as  tabulated  in  Fig.  2. 

Region  A  is  generally  where  the  unaugmented  VTOL  aircraft  oscillatory 
dynamics  fall  and  the  handling  qualities  range  from  unsatisfactory  to 
unacceptable.  The  most  significant  control  deficiency  in  this  region  is 
the  so-called  "boxed  in"  situation  (see  Appendix  A).  This  situation  refers 
to  the  pilot’s  inability  to  improve  closed- loop  control  by  adopting  lead 
compensation  (anticipation).  In  fact,  for  these  control  elements  (i.e., 
region  A  dynamics)  we  find  that  the  pilot  can  improve  his  performance  only 
by  reducing  his  high  frequency  lags  (e.g.,  the  pilot's  reaction  time  neuro¬ 
muscular  delay,  xe) .  While  significant  reductions  in  such  lags  can  be 
accomplished  by  the  highly  skilled  pilot,  particularly  where  motion  cues 
are  provided,  the  neuromuscular  system  dynamics  do  represent  a  physical 
upper  limit  on  his  control  capabilities .  Also,  reductions  in  the  pilot 
reaction  time  delay,  re,  are  accompanied  by  low  frequency  a-effects*  ( see 


*The  exact  cause  of  these  low-frequency  aspects  is  not  clear  at  this  time. 
Recent  evidence  suggests  that  the  effect  is  associated  with  time-varying 
pilot  gain  and  remnant  ( see  Ref .  35  ) • 
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Aperiodic  Mode 
^  B  and  C 

I/Tr  =1.25 


Oscillatory  Mode 


REGION  PILOT  CONTROL  SITUATION 

A  Unsatisfactory  to  unacceptable;  lead  compensation  in 

attitude  loop  relatively  ineffective  ( "boxed- in” ) ; 
position-loop  crossover  marginal  along  £  =  0.3  boundary. 

B  &  C  Satisfactory,  multiloop  control;  small  lead  compensation 
in  attitude  ( Tr  =  Tp);  adequate  margins;  outer- loop 
crossover  at  least  0.3  without  lead. 


Figure  2.  Category  I,  Dynamic  Requirements  for  Hover  Mode 


Ref.  1,  Appendix;  D).  The  xe  and  a  effects  are  inversely  related;  thus, 
an  increase  in  low-frequency  phase  lags  accompanies  a  decrease  in  the 
effective  delay,  xe.  This  conflict  between  low-  and  high-frequency  phase 
lags  for  the  pilot  is  graphically  described  as  a  "boxed- in"  situation. 

With  progressive  penetration  of  region  A,  the  oscillatory  mode 
divergence  time  decreases  (i.e.,  the  effective  time  constant,  ^  =  1 /— £o> 
increases)  and  the  handling  qualities  ratings  deteriorate  very  rapidly. 

In  fact,  as  noted  in  the  longitudinal  studies  (Ref.  l),  the  dynamic 
features  in  the  crucial  region  of  crossover  are  quite  similar  to  those 
of  a  second-order  "critical  task"  (Ref.  l4).  The  critical  task  dynamics 
are  designed  to  push  the  pilot  to  the  limits  of  his  neuromuscular  and 
lead-generating  capabilities.  Any  vehicle  approaching  such  dynamics 
requires  full-attention  control  and  is  accordingly  considered  hazardous 
to  fly. 

Region  B,  defined  by  =  0.5  and* =  0,  is  identified  separately 
because  this  is  where  the  oscillatory  mode  is  normally  located  for  moderate 
gain  rate  augmentation  (i.e.,  Lp  augmentation  or  a  Category  I  feedback  system 
where  1 /Tg  =  0).  With  these  simple  angular  rate  damper  schemes,  the  degree 
of  positive  damping  for  the  oscillatory  modes  depends  on  the  position  of 
the  numerator  zero,  1 /Ty  ,  ( see 
adjacent  sketches)  as  well  as 
on  the  rate  feedback  gain,  K^. 

In  some  cases,  notably  helicop¬ 
ters  with  large  terms,  the 
value  of  1  /Trp  is  negative 
(positive  on  zhe  a  axis)  and 
the  oscillatory  mode  remains 
unstable  regardless  of  the 
feedback  gain  (e.g.,  as  shown 
in  the  sketch) .  The  resulting 
low  frequency  oscillatory 
divergence  causes  the  pilot 
only  moderate  concern  and 
depending  on  the  task  (e.g., 
hovering  without  gust)  such 
systems  may  be  rated  marginally 
satisfactory  (PR  =  ^) .  This 
appears  particularly  true  when 
the  corresponding  aperiodic 
root,  1 /Tr,  is  significantly 
greater  than  1.25  (see  Fig.  l). 

However,  a  neutral  or  stable 
oscillatory  mode  is  necessary  to 
insure  a  satisfactory  rating 
(ER  <  5.5)  for  precision  hover 
tasks  involving  moderate  (ov  = 

5  fps)  gust  disturbances  or  fel 
conditions.  Thus,  in  Fig.  2, 
the  boundary  between  satisfactory 
and  unsatisfactory  (i.e.,  PR  = 

3.5)  is  the  joo  axis  or  neutral 
damping  (i.e.,  £4  =  0). 


(Cd  »wd  ) 


Typical  Gain  Loci  for  Rate  Damper 
Systems  (i.e.,  1 /Tc  =  0) 


12 


Region  C  covers  the  remaining  Category  I  systems  where  l/Tg  <  1/Tr 
hut  greater  than  zero.  The  crucial  boundary  condition  is  that  for 
f;d=0.3  which  shows  that  the  oscillatory  mode  roots  must  lie  to  the 
left  for  satisfactory  manual  control.  As  shown  in  Appendix  A  this 
requirement  is  directly  related  to  that  specifying  a  minimum  position  to 
attitude  loop  crossover  frequency  relationship  (Fig.  2) .  The  upper  constant 
frequency  boundary  (004  =1.25  rad/sec)  of  region  C  is  more  a  practical 
implication  than  a  rigid  requirement.  This  is  a  consequence  of  the  basic 
airframe  frequency,  <*4,  the  effective 
augmenter  lead,  1 /Tg,  and  the  zero, 

1 /Tqv  .  For  example,  we  see  from 
the  sketch  that  increasing  augmenter 
gain  drives  the  poles  (£4,  U4)  to 
the  centroid  between  1  /Tg  and  1  /Tq,  . 

Practical  limits  on  U4  suggest  than 
"inherent  aerodynamic"  levels*  of  004 
and  1 /Tr  are  between  1  and  2  rad/sec, 
thus  we  can  assume  that  for  the 
Category  I  system  the  oscillatory 
roots  will  fall  within  region  C  of 
Fig.  2.  Furthermore,  as  will  be 
illustrated  later,  this  region  also 
conveniently  provides  an  overlap  of 
Category  I  and  II  requirements. 

Excluding  for  this  discussion  TR  T£ 

simple  rate  augmentation  systems 
(i.e.,  1 /Te  =  0),  we  find  good 

verification  for  these  boundaries  in  the  experimental  results  of  Refs .  2, 

5,  and  27.  In  Fig.  3,  thee,  results  are  superimposed  on  the  suggested 
boundaries.  To  emphasize  the  boundaries,  the  available  data  are  segre¬ 
gated  as  to  either  PR  >  3-5  or  PR  <  3-5 •  Detailed  pilot  ratings  are  given 
in  Appendix  A. 

b.  Category  II  Systems  ( 1 /Tg  >  1 /Tr) .  Category  II  requirements  are 
shown  in  Fig'.  4.  For  Category  II  systems  only  the  oscillatory  mode  is 
specified  since  the  second-order  characteristics  dominate.  These  regions 
are  based  on  the  closed-loop  requirements  inferred  from  the  Category  I 
and  conventional  dynamics  studies.  The  various  pilot  control  function 
and  compensation  regions  identified  in  the  figure  are  briefly  outlined 
below. 


*We  use  "inherent  aerodynamics"  to  infer  the  absence  of  any  mechanical 
augmentation  schemes  (e.g.,  gyro  stabilizer  bars)  which  might  result  in 
larger  U4  and  1 /Tr  values. 
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A 

A 

=  0.5  rad /sec 


Figure  3 •  Correlation  of  Handling  Quality  Data 
with  Suggested  Boundaries 


Figure  4.  Basic  Oscillatory  Mode  Dynamic  Requirements; 
Category  II  System,  1 /Tg  >  1/Tr 
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REGION 

PILOT  CONTROL  SITUATION 

A 

Unacceptable:  A  multiloop  control  structure  with 
large  lead  compensation  (Tp  >  1  sec)  required  in 
both  attitude  and  position  to  obtain  desired  cross¬ 
over  frequencies  (cdc  =  2.5  rad/sec >  oocy  A  i  rad/sec) 
with  the  compensation  for  a  K/s-like  outer-loop 
closure.  Poor  regulatory  control  of  attitude  dis¬ 
turbances  due  to  low  broadband  gain  features  of 
inner  loop.  Due  to  low  stiffness  attitude  dynamics 
appear  as  K/s^  to  the  pilot. 

B 

Marginal  Situation:  Same  loop  structure  required, 
but  somewhat  reduced  pilot  compensation  (T^  =  1  sec) 
in  both  loops.  Regulatory  control  of  attitude  dis¬ 
turbances  marginal  due  to  poor  error  control.  For 
this  situation  the  broadband  gain  region  is  near  the 
minimum  of  6  dB  for  the  crossover  coc^  =  2.. 5  rad/sec. 

c 

Satisfactory:  Quasi-multiloop  control  structure  with 

no  lead  or  moderate  pilot  lead  (Tl^  =  1 /cjoc^)  required 
in  the  attitude  loop.  Moderate  lead  (Tiy  =  1  sec) 
required  in  position  closure.  Regulatory  control  of 
attitude  disturbance  is  good. 

D 

Satisfactory:  Single-loop  control  of  position  with 
moderate  lead  (Tly  <  1  sec)  for  a  K/s-like  crossover 
near  o)Cy  =  1  rad/sec.  Attitude  command,  cpc,  with 
stick  required,  otherwise  pilot  is  gain  or  control 
power  limited  at  higher  frequencies  (o^p  >  3  rad/sec).* 

E 

Unacceptable:  Low  attitude-loop  damping  restricts 

position- loop  bandpass.  Boundary  suggested  by  desire 
to  keep  cDcy/aprp  approximately  constant  ratio.  A  mar¬ 
ginal  region  exists  between  £=0.3  (i.e.,  cDcv/^Crn  =  0 -5) 
and  tea  =  0.7b.  y  * 

Each  region  for  the  Category  II  systems  identified  above  clearly  places 
the  pilot  in  a  somewhat  different  closed-loop  control  situation.  For  this 
reason,  it  is  worthwhile  expanding  on  some  of  the  key  aspects  of  concern 
even  though  detailed  considerations  are  given  in  Appendix  A. 

In  regions  A  and  B,  the  pilot  is  faced  with  a  relatively  low  stiffness 
attitude  system  (i.e.,  cjdq  <  1.7  rad/sec)  which  although  stable  ( £  >  0) 
requires  excessive  compensation  to  achieve  reasonable  performance  in  the 
presence  of  disturbances.  Thus  the  key  factor  for  these  two  regions  is 
the  level  of  attitude  excitation.  Without  disturbances,  a  satisfactory 
rating  (PR  =  3.5)  is  normal,  even  for  a  zero  stiffness  system  (e.g., 
hover-buggy,  lunar  landing  craft,  etc . ) >  for  VFR,  motion- flight  conditions. 


^Attitude  command  refers  to  the  mechanization  features  associated  with 
systems  in  which  a  stick  signal  acts  as  a  bias  to  the  feedback  signal. 
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Likewise,  very  large,  high  inertia  vehicles  which  have  low  frequency 
dynamics  could  also  be  expected  to  fall  in  this  region.  Again,  the  degree 
that  these  vehicles  can  be  disturbed  will  determine  whether  such  low 
stiffness  systems  can  approach  a  satisfactory  handling  quality  level. 

However,  considering  the  handling  quality  data  surveyed,  the  "normal" 
vehicle  response  characteristics  and  disturbance  levels  tested,  and  the 
predicted  pilot  compensation  required,  it  appears  that  the  minimum 
vehicle  stiffness  falls  between  1  .7  and  1.0  rad/sec.  A  stiffness  of 
1 .0  rad/sec  can  be  inferred  as  an  absolute  minimum  for  most  precision 
hover  tasks.  For  these  frequency  conditions,  the  predicted  "minimum 
broadband  gain"  for  suppression  of  disturbances  is  —6  dB  (i.e.,  with 
the  pilot’s  crossover  between  2  and  3.0  rad/sec).* 

Frcm  a  closed- loop  or  piloting  control  viewpoint  regions  C  and  D 
are  somewhat  similar  and  disturbance  regulation  is  not  a  problem. 

Attitude  response  for  control  inputs  can  be  the  crucial  factor  for  the 
higher  stiffness  system  (cu  >  3.0  rad/sec)  if  control  power  is  low. 

Attitude  command  systems  are  generally  required  to  keep  the  response 
per  inch  of  stick  equal  to  or  greater  than  about  0.1  rad  in  the  first 
second.  This  response  level  has  been  suggested  from  several  studies 
(e.g.,  Refs.  2,  8,  and  2Q>)  for  rate  systems  as  well  as  attitude  systems 
(Ref.  29). 

Experimental  verification  for  these  requirements  is  evident  from 
Figs.  5,  6,  and  7.  In  these  figures,  the  results  of  Refs.  2,  9,  10,  and 
27  are  superimposed  on  the  suggested  boundaries.  The  results  of  Ref.  10 
shown  in  Fig.  7  are  particularly  noteworthy  as  confirming  the  control 
functions  and  compensation  features  of  regions  A  and  B.  Superimposed 
on  the  suggested  boundaries  and  regions  of  Fig.  k  is  the  satisfactory 
Ref.  10  boundary  (PR  =  3-5)  derived  from  experimental  testing  of  the 
attitude  command  system.  The  agreement  between  regions  is  remarkably 
good  for  the  high  frequency  systems  above  regions  A  and  B.  Furthermore, 
region  B,  identified  as  marginal  due  to  regulatory  control  from  a  closed- 
loop  viewpoint,  coincides  with  the  observed  changes  in  the  satisfactory 
boundary  (PR  =  3.5)  when  angular  acceleration  (simulated  gust  or  ground 
effect)  disturbances  were  introduced.  Note  also  that  in  these  experiments 
an  attitude  command  feature  was  used  to  prevent  the  feedback  signals  from 
limiting  the  attitude  response.  For  this  reason,  no  upper  limit  on  stiff¬ 
ness  (i.e.,  frequency)  was  encountered  in  the  Ref.  10  testing.  However, 
inadequate  control  response  was  cited  as  restricting  the  pilot  control  in 
Ref.  26  (Fig.  6)  which  did  not  use  an  attitude  command  feature. 

It  appears  reasonable,  therefore,  to  conclude  that  the  closed-loop  factors 
previously  identified  do  account  for  the  restrictions  imposed  on  the  damping 


^Suppression  of  external  disturbances  and  minimization  of  errors 
are  obtained  in  a  closed-loop  situation  such  that  G(  jrn)  »  1  over  the 
frequency  range  of  the  substantial  input.  The  data  suggest  that  a 
factor  of  two  (6  dB)  reduction  over  the  frequency  range  below  crossover 
is  adequate. 
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Figure  5  -  Comparison  of  Lateral  Dynamic  Requirements  for  Category  II 
Augmentation  Systems  (l/Tg  >  1  /Tr)  and  Ref.  2  Data 
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Figure  6.  Comparison  of  Lateral  Dynamic  Requirements  for  Category  II 
Augmentation  Systems  (l/TE  >  l/TR)  with  Experimental  Data 
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Figure  7.  Oscillatory  Mode  Requirements  for  Category  II  (i/Te>1/tr) 
Attitude  Stabilized  Systems;  Comparison  with  Ref.  10 


and  frequency  for  attitude  systems.  Specifically,  the  handling  quality 
merits  indicate  that  the  following  restrictions  are  imposed: 


1  .  A  minimum  frequency,  >  1  .7  rad/sec  for 
conditions  where  disturbances  are  expected. 
This  is  to  insure  a  good  broadband  gain  and 
pilot  closure  near  cd  crossover  of  2-1/2  rad. 

2.  A  minimum  damping  ratio,  £  _>  .3,  to  prevent 
the  inner  loop  from  restricting  the  outer- 
loop  pilot  closure.  This  is  in  addition  to 
the  2-1/2  rad/sec  attitude  bandwidth  which 
is  necessary  also  for  good  cuter- loop  control. 
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As  a  final  point,  we  note  from  Fig.  8  that  the  oscillatory  mode  dynamic 
requirements  for  the  two  attitude  augmentation  system  categories  overlap 
and  have  a  common  £  =  0.3  boundary  requirement.  Furthermore,  this  uniformity 
of  the  oscillatory  mode  dynamics  requirements  can  be  considered  to  extend 
also  to  the  basic  vehicle  case  which,  in  essence,  is  a  Category  I  system  with 
zero  gain  and  1 /Tg .  Accordingly  it  is  feasible  to  specify  the  general 
satisfactory  boundary  as  being  either: 

1 .  The  aperiodic  mode  should  have  an  effective 
inverse  time  constant  1/%  >  1.25  rad/sec,  or 

2.  All  oscillatory  modes  greater  than  0.5  rad/sec 
shall  have  a  damping  ratio  t,  >  0.5.  Frequencies 
below  0.5  rad/sec  Will  be  at  least  neutrally 
damped  ( i . e . ,  £  =  0 ) . 

4.  Other  Augmentation  Concepts 


Based  on  the  closed- loop  criteria  inferred,  as  above,  the  dynamic 
requirements  can  be  extended  to  include  more  elaborate  augmentation  and 
command  control  schemes.  However,  at  present,  little  confirmation  of 
such  predictions  can  be  made  except  for  two  concepts  for  which  limited 
experimental  results  are  available;  i.e.. 


1 .  Command  schemes  employing  rate  ordering  and 
attitude  hold  features . 

2.  Translational  rate  damping  systems. 

a.  Rate  Ordering,  Attitude  Hold.  This  system  represents  one  form  of 
command  system  which  attempts  to  combine  the  desirable  response  charac¬ 
teristics  of  rate  systems  with  the  stiffness  and  regulatory  features  of 
the  attitude  stabilization  schemes.  These  features  can  be  achieved  by  the 
schematic  arrangement  shown  in  the  block  diagram  below.  In  this  concept, 
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Solid  PR  >3.5 
Open  PR  <  3.5 
I/Te  =  K<£  /K<£ 

I/Tr  =  Roll  Subsidence  Mode 


Boundary  System 

•^v/vv-.v-.-v  Category  I 
/////A  Category  II 


Symbol  Ref. 


Figure  8.  Hover  Mode  Dynamic  Requirements  for 
Attitude  Augmentation  Systems  Composite  of  Categories  I  and  II 
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pilot  control  inputs  are  introduced  as  commands  to  the  attitude  stabilized 
vehicle  through  a  rate  network  (an  integrator).  Thus,  to  the  pilot  the 
vehicle  response  to  stick  appears  as  angular  rate.  Without  a  stick  command 
(i.e.,  stick  neutral),  the  vehicle  is  stabilized  in  attitude  and  resists 
all  external  disturbances.  These  characteristics  are  depicted  by  the  Bode 
sketch  below. 


1.0  10.0  100 
oj(rad/sec) 

Bode  Sketch  of  Rate  Ordering  Attitude  Hold  System 


In  hovering  control  the  pilot  is  required  to  function  within  the 
multiloop  framework  because  the  stick  is  now  an  attitude  rate  ordering 
system;  therefore  he  must  function  to  control  attitude  as  well  as  position 
in  essentially  the  same  series  multiloop  configuration  as  envisioned  in 
Ref.  1  and  shown  below. 
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With  this  series  arrangement  a  simple  gain  closure  is  quite  satisfactory 
for  closing  the  inner  loop  (i.e.,  the  attitude  loop)  provided  the  control 
system  bandpass  and  damping  are  adequate  to  permit  meeting  the  requirements 
of  cdc  >  2-1/2  rad/sec.  The  primary  restriction  on  the  attitude  stabilization 
frequency,  o^j,  therefore,  is  that  it  be  greater  than  2.5  rad/sec.  This  is 
because  values  below  this  require  the  pilot  to  introduce  excessive  lead  com¬ 
pensation.  That  is,  the  inherent  K/s*  character  of  the  e/5e  transfer  func¬ 
tion  for  cd  >  cupj  requires  the  pilot  to  generate  a  double  lead  to  permit 
crossover  near  or  greater  than  o^;  and  such  compensation  activities  are 
opposed  to  good  pilot  ratings. 

Another  restriction  on  the  crossover  frequency  is  imposed  by  the  damping 
ratio  of  the  attitude  stabilized  mode,  as  sketched  below.  That  is,  to 

Effect  of  Attitude  Damping  on  Bandwidth 


avoid  instability  the  gain  must  be  less  than  that  corresponding  to  the 
amplitude  peak  at  cup;  thus  the  maximum  crossover  frequency,  cdc,  approaches 
a  value  which  is  equal  to  2f;NnN . 

This  simple  approximation  is  valid  only  for  damping  ratios  much  less 
than  critical,  but  with  this  restriction  in  mind;  and  with  the  previous 
requirement  on  >  2.5  rad/sec  we  now  obtain  the  requirement  that  be 
greater  than  1 .25/q^. 

The  two  requirements  derived  above;  i.e., 

1 .  The  effective  attitude-stabilized  frequency,  c%, 
must  be  greater  than  2-1 /2  rad/sec 

2.  The  effective  damping  of  the  second- order  mode 
for  the  stabilization  system  must  be  such  that 

>  1  -25/cDfj 

are  plotted  as  (dashed  line)  boundaries  on  Fig.  9.  The  experimentally 
derived  3.5  rating  boundary  values  of  Ref.  10,  also  shown  (the  actual 
experimental  data  points  were  not  presented)  are  in  quite  good  agreement. 
Note  finally  that  the  £  =  0.3  cutoff  line  shown  in  Fig.  8  for  the  "pure"' 
attitude  system  does  not  apply  since  for  the  present  rate  command,  attitude 
hold  system  the  outer  loop  is  characterized  by  two  second-order  breaks,  one 
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Figure  9.  Rate  Ordering  Command  System  Dynamic  Requirements,  Ref.  10 


at  cdc  (the  inner- loop  pilot  crossover)  the  other  at  or,  the  attitude 
stabilization  frequency.  Thus  the  peaking  at  ocjj  due  to  Cr  does  not 
interfere  with  the  outer-loop  crossover. 

Translational  Rate  Augmentation.*  Tentative  estimates  of  the 
dynamic  requirements  for  translation  rate  augmentation  schemes  (see 
Table  IV)  can  be  implied  from  closed-loop  considerations.  The  estimations 
are  confirmed  to  some  degree  by  the  large  Yv  data  tested  by  A'Harrah  (Ref.  7) 
which  are  presented  in  Appendix  A.  The  requirements  for  translation  rate 
augmentation,  again,  stem  basically  from  the  lateral  oscillatory  mode 
damping  considerations  and  the  bandwidth  requirements  for  good  lateral 
position  control.  In  fact,  as  shown  in  the  closed-loop  analyses  of 
Appendix  A,  the  interplay  between  controlled-element  form,  and  pilot 
compensation  needs  affords  the  key  to  the  translation  system  require¬ 
ments.  The  pertinent  controlled-element  forms  are  given  in  Table  IV. 

In  Case  1 }  the  augmented  aperiodic  mode,  1 /To,  and  the  numerator  zero, 

1  /Tcpi ,  are  approximately  equal  (i.e.j  Yy  -  1 /Tq>1  ~  l/Tp)  which  means 


*The  translation  rate  augmentation  as  used  here  in  effect  changes 
the  derivative  Yv  by  suitable  feedback  of  translation  or  drift  velocity, 
v,  to  a  lateral-force  producer. 
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TABLE  IV 


CONTROLLED-ELEMENT  FORMS  FOR  TRANSLATIONAL  RATE  AUGMENTATION 
[Position-Loop  Feedback,  h>T/v  =  K^Ty-s  +  1 )  ] 


BASIC  FEATURES 

PRIMARY  CONTROL  — 
ATTITUDE ,  cp/S 

SECONDARY  CONTROL  — 
POSITION,  y/5 

Case  1 

4  '/Tr 

L6 

§L5 

s2  +  2^o4s  +cd^2 

s(s  +  l/T^)(s2  +  2(44  s  +<%2) 

Case  2 

Lg(s  +  1/T^  ) 

gLg 

1/T^  =  <4  <  1/T£ 

(s  +  i/t^)(s2  +  2^<^ds  +  <42) 

s(s  +  1/T^)(s2  +  2^8  +a42) 

that  the  attitude  controlled  element  looks  like  a  second  order  system 
(i.e.,  Category  II  attitude  system).  In  the  second  case,  the  augmented 
oscillatory  mode,  is  nearly  equal  to  the  numerator  zero,  l/T^.  As 

a  result,  the  attitude  controlled  element  form  more  closely  resembles  the 
Category  I  attitude  rate  augmentation  systems  shown  in  Table  III.  Thus 
as  noted  previously  in  Ref.  1  for  the  longitudinal  mode,  the  use  of  trans¬ 
lation  velocity  feedback  to  a 
lateral  force  does  not  alter 
the  general  character  of  the 
loop  dynamics .  In  fact,  the 
two  forms  indicated  are  essen¬ 
tially  the  same  as  those 
resulting  from  the  0  and  0 
feedbacks.  These  similarities 
infer  that  the  restrictions 
which  relate  to  attitude  con¬ 
trol  must  be  satisfied  in 
addition  to  any  which  stem 
from  position  loop  considera¬ 
tions.  This  conclusion  is 
reasonably  well  confirmed  by 
the  adjacent  sketch  where  the 
Ref.  7  data  is  compared  to  the 
attitude  system  requirements. 

Again  open  and  solid  symbols 
are  used  to  emphasize  good  and 
bad  dynamics,  respectively. 

Tentatively,  then,  the  results 
suggest  that  translational  rate 
systems  must  meet  either  the 
Category  I  or  II  lateral  attitude 
dynamic  requirements . 
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SECTION  III 


CONSIDERATION  OF  PRACTICAL  CONTROL  SYSTEM  ASPECTS  IN  HOVER 


In  the  preceding  discussions  the  flight  control  system  and  control 
surface  response  functions  were  assumed  to  have  idealized  dynamic 
properties.  The  actual  manual  flight  control  system  can  have  dynamics 
which  may  appreciably  alter  the  effective  controlled  element  charac¬ 
teristics.  Typically,  the  system  between  the  pilot's  manipulator  and 
the  control  surface  is  nonlinear  to  some  degree,  although  many  of  the 
more  common  effects  can  be  closely  approximated  by  simple  linear  rela¬ 
tions  .  For  example,  actuator  and  control  system  properties  are  typically 
approximated  by  first-order  lags.  Other  nonlinearities  are  strong  func¬ 
tions  of  the  forces  on  the  manipulator,  e.g.,  friction  and  detent  or 
nonlinear  bobweight  forces;  the  former  will  be  treated  but  the  latter 
are  beyond  the  scope  of  the  present  studies,  which  were  directed  at  the 
system  factors  most  important  in  closed- loop  control  in  hover.  Another 
set  of  considerations  relates  to  control  coupling  between  angular  and 
translational  terms .  That  is,  the  control  forces  applied  to  the  airframe 
do  not  result  in  a  pure  angular  acceleration  response  but  a  combination 
of  both  translational  and  angular.  These  couplings  modify  the  numerator 
terms  of  the  vehicle  response  to  control  inputs  and  may  significantly 
affect  the  closed- loop  pilot/vehicle  control. 

As  the  starting  point  for  these  discussions,  the  latter  area,  the 
control  coupling  term,  is  treated  first.  Generally,  this  is  because  there 
is  more  handling  quality  data  available  for  analysis  and  thus  provides  a 
logical  extension  of  the  conventional  hover  control  treated  in  Section  II. 

In  the  remaining  part  of  this  section,  we  will  examine  the  effects  of  the’ 
control  system  dynamics  and  nonlinearities.  By  necessity,  a  more  theo¬ 
retical  viewpoint  is  taken  here  since  there  are  little  or  no  handling 
quality  data.  The  prime  purpose  of  these  analyses  is  to  show  which  control 
system  properties  could  have  significant  handling  qualities  effects  when 
typical  VTOL  hover  dynamics  are  considered.  Obviously  then,  the  conclusions 
are  not  well  substantiated,  but  are  based  on  conventional  nonlinear  analysis 
techniques  in  combination  with  the  closed-loop  considerations  evolved  from 
the  studies  of  Section  II  and  Ref.  1 .  However,  the  background  furnished 
by  these  studies  has  implication  for  future  experimental  efforts. 

A.  EFFECTS  OF  DIRECT  FORCE  CONTROL-COUPLING  TERMS 


Translatory  control  of  the  typical  VTOL  is  generally  obtained  by  direct 
tilting  of  the  thrust  vector  (e.g.,  an  attitude  change);  and  direct  force 
control— coupling  is  normally  negligible .  However,  in  order  to  reduce 
attitude  control  power  requirements,  it  has  been  suggested  by  several 
sources  (e.g..  Refs.  If?,  17,  and  26)  that  the  normal  angular  acceleration 
control  should  be  supplemented  to  provide  a  substantial  translational 
component.  Several  simulator  programs  have  been  undertaken  to  determine 
the  best  relation  for  such  cross-coupling  between  angular  and  translation 
components  for  manual  hover  control.  Generally,  the  results  of  these 
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programs  have  been  inconclusive  as  "to  the  best  relation  of  the  cress— coupling 
components.  In  fact,  in  several  incidences,  control  cross-coupling  had  a 
deteriorative  effect  on  manual  control.  The  alternative  but  more  obvious 
reason  for  considering  control  coupling  is  that  future  VTOL  vehicles  such 
as  the  jet-lift  configuration  will  probably  have  some  degree  of  coupling, 
either  by  design  or  circumstance.  In  this  case  the  question  is,  "What  is 
an  acceptable  level  of  control  coupling  in  hover?" 

For  the  foregoing  reasons,  the  effect  of  the  translational  coupling 
term,  Xg,  on  manual  hover  control  was  analyzed  from  the  closed-loop  view¬ 
point.  Because  of  the  close  correspondence,  in  hover,  between  the  longi¬ 
tudinal  and  lateral  transfer  functions  and  dynamics  of  interest,  the 
conclusions  are  generally  applicable  to  either  mode.  Several  case  con¬ 
figurations  were  analyzed,  including  situations  rated  by  the  pilots  as 
satisfactory  and  unacceptable.  These  configurations  were  selected  from 
the  experimental  results  in  Refs.  1 6  and  IT.  However,  only  two  configura¬ 
tions  are  examined  in  detail  to  illustrate  the  consequence  of  control 
coupling. 

a.  Effects  of  Control  Coupling  Terms  on  Open-Loop  Transfer  Function. 

As  a  prelude  to  the  closed-loop  analyses  it  is  worthwhile  to  consider 
generically  how  the  open-loop  attitude  and  position  transfer  function 
numerators  are  changed  by  including  the  coupling  terms-. 

The  effect  of  Xg  on  the  attitude  response  transfer  function,  e/6,  is 
determined  by  the  magnitude  of  1%.  This  is  evident  from  the  transfer 
function  shown  below: 

e  .  __  %(S+^) 

5  s3  -  (Xu+Mq)s2  +  XuMqs  +  {s  +  t^)[s2  +  2£pV  +  4) 


For  a  vehicle  with  no  aerodynamic  derivatives  sensitive  to  airspeed  (c.g., 
1/^  or  Xu)  the  attitude  response  reduces  to: 


0 

6 


s(s-Mq) 


For  real  values  of  the 


numerator  becomes  a  function  of  X§,  Mu,  and  X^ 


N 


0 

6 


M5  s  -  Xu 
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With  a  stable  speed  stability  term.,  positive  the  normally  negative 
axial  force  to  moment  ratio,  Xg/Mg,*  moves  the  zero  into  the  right  half 
plane  (RHP)  as  the  product,  M^Xg/Mg,  exceeds  X^. 

The  effect  of  Xg  on  the  position-loop  transfer  function  is  determined 
by  the  magnitude  of  (gMg/Xg)  and  Mq  as  seen  from  the  response  numerator 
below: 


These  break  up  into  a  complex  pair  of  zeros  when  X&  is  small  or  a  real 
pair  approaching  s(s  — M  )  for  Xg  very  large  with  respect  to  Mg.  A  root 
locus  showing  the  zero  locations  is  sketched  below: 


•  Effect  of  increasing  Xg 
holding  fixed  Mq 


•  Mq  determines  the  left-right 
zero  position,  £cd 


^  Limiting  value  of  zeros 

1 


In  summary,  the  above  shows  that  the  primary  effect  on  the  controlled 
element  numerators,  and  due  to  Xg  are 

•  The  Ng  zero,  1/Tq^  may  become  a  normiinimum  phase 
(RHP  location)  factor  if  Xg  or  ^  is  large. 

•  Ng  changes  form  and  factors  into  two  zeros  which 
are  either  real  or  imaginary. 


*Xg/Mg  is  negative  since  in  a  conventional  helicopter  a  positive  axial 
force  as  commanded  by  the  stick  produces  a  negative  angular  acceleration, 
since  the  thrust' acts  above  the  c.g. 
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"b.  Closed- Loop  Effects.  The  two  configurations  selected  for  detailed 
examination  here  were  chosen  to  illustrate  that  the  consequence  of  control 
coupling  on  closed-loop  control  can  involve  either  the  attitude  or  position 
closures.  The  deciding  factor,  as  will  he  shown  later,  is  whether  the  speed 
stability  term,  M^,  is  significant.  The  first  case  study  considers  the 
control  situation  when  is  an  important  factor. 

In  Ref.  1 6,  a  variety  of  stabilization  schemes  in  combination  with  a 
range  of  airframe  dynamic  characteristics  (i.e.,  variation  in  M^,  Mq, 
etc.)  were  tested  for  a  hover  task.  We  have  considered  only  the  con¬ 
figurations  employing  simple  rate  damping  (i.e.,  angular  rate  feedback). 

The  attitude  closure  for  the  example  case  where  is  important  is  shown 
in  Fig.  10.  This  configuration  was  rated  as  marginal  (PR  =  4.0)  by  the 
pilot,  and  as  such  represents  the  point  at  which  increases  in  either 
or  X5  caused  rapid  deterioration  in  pilot  opinion. 

Because  of  the  nonminimum  phase  zero,  1 /T e-,,  the  stable  closure  region 
is  restricted  to  very  low  gains  and,  correspondingly,  a  low  bandpass  con¬ 
dition  (i.e.,  cocQ«a>p)  results.  While  a  simple  gain  closure  (i.e., 

YP  =  Kpe_TS)  is  illustrated  in  Fig.  10,  it  is  obvious  from  the  sketches 
shown  below  that  the  introduction  of  attitude  lead,  T@L,  will  not  improve 
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Figure  10.  Attitude  Loop  Control  with  Direct  Force  Control  Coupling, 


the  closure.  In  fact;  because  the  additional  zero  supplied  by  1 /Tql 
adversely  shifts  the  departure  angle  of  loci  from  the  phugoid,  the 
stable  gain  region  is  reduced  and  is  entirely  eliminated  as  the  lead 
becomes  infinite  (i.e.,  pure  rate  feedback;  1 /Tp  =  0).  Thus  the 
attitude-loop  closure  is  relatively  deficient  because  of  the  low  fre¬ 
quency  divergence  which  results. 

The  outer  position-loop  closure  is  shown  in  Fig.  11  .  Here  a  simple 
gain  closure;  not  shown  but  easily  visualized  by  removing  the  small 
pilot  lead;  TL*.  =  1/2.75^  results  in  a  stable  multiloop  control  situation 
with  an  outer-loop  crossover  frequency  of  ow  =  1.0  rad/sec.*  The  Ng 
zeros  which  are  due  to  Xg  account  for  the  k/s  features  shown  in  the  Bode 
diagram  and  enable  this  loop  to  be  gain- stabilized.  A  small  lead;  Tj^.,  to 
cancel  the  adverse  phase  contribution  of  the  pilot  delay  term;  e~ ' TS;  pro¬ 
vides  an  extended  K/s  region  for  crossover  and  additional  phase  margin;  as 
can  be  seen  in  Fig.  11  . 


The  closed- loop  control  situation  described  by  the  outer-loop  survey 
is  controllable;  but  the  restriction  imposed  on  pilot  compensation  to 
maintain  a  stable  inner-loop;  attitude;  closure  with  adequate  bandwidth 
apparently  confirms  the  marginal  pilot  rating. 

A  rapid  deterioration  in  the  closed-loop  control  situation  and 
corresponding  degraded  opinion  is  predictable  from  the  above  if  either 
or  Xg  increases.  This  is  evident  because  the  consequence  of  such 
increases  is  to  make  the  numerator  zero,  1 /Tg  more  unstable  (further 
in  the  right  half  plane).  A  stable  closure  of  the  attitude  loop  becomes 
exceedingly  difficult;  and  to  obtain  the  desired  crossover  frequency 
the  closed- loop  divergent  mode  will  increase  (i.e.,  the  time  to  double 
amplitude  becomes  smaller).  Because  of  this  unstable  situation,  the  pilot 
must  eventually  rely  entirely  on  the  final  outer-loop  position  closure  to 
stabilize  the  system. 


The  second  case  of  interest  is  the  situation  when  Mu  is  negligible. 

This  condition  was  examined  in  the  simulator  program  of  Ref.  17.  In  this 
study,  Xg  was  varied  to  simulate  the  relatively  small  amount  such  as 
obtainable  through  Mg  gearing  changes  or  in  going  from  one  type  of  heli¬ 
copter  to  another.  The  test  vehicle  was  an  inertial  body  with  rate  damping 
(i.e.,  M  )  but  without  velocity  derivatives  (i.e.,  X^  =  Mu  =  =  0). 

Because  the  pilot's  evaluation  task  was  to  accelerate  to  a  specific  speed, 
not  position,  the  u/5  loop  is  therefore  analyzed,  the  corresponding  transfer 
function  being: 


u 

5 


(s2-Mqs)Xg  -  gMg 
s^  -  (Xu+Mq)s2  +  XuMgS  +  gMu 


*The  advantage  of  Xg  is  obvious  from  the  posit ion- ioop  amplitude  feature 
of  the  x/xe  Bode,  since  the  desired  K/s-like  characteristics  are  evident 
after  closure  of  the  attitude  inner  loop.  The  low  frequency  divergence  or 
nonmlniinum  phase  characteristics  are  of  course  neglected. 
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As  shown  earlier,  this  zero-M,^  Xu  case  reduces  the  attitude  transfer 
function  to  nearly  a  pure  integrator  where  changing  X§  has  no  effect. 

The  speed  or  position-loop,  however,  retains  the  X§  zeros  found  to  be 
helpful  in  position  control  for  the  "aerodynamic"  vehicle  analyzed  above. 
Since  Xg  does  not  change  the  inner  numerator  term,  N§,  it  cannot  affect 
the  9-closure;  thus  the  effects  of  X5  are  here  confined  to  the  outer  speed 
loop  closure.  Figure  12  shows  sketches  of  the  outer  loops  as  X5/M5  is 
increased  from  0  to  —10  to  —20  ft/rad,  respectively.  For  a  given  gain 
margin,  the  crossover  frequency  is  a  maximum  at  the  midvalue  of  X^.  For 
the  larger  X§  value  the  crossover  frequency  is  reduced  and  the  zeros  are 
approaching  the  real  axis.  The  possibility  of  reduced  crossover  frequency 
for  the  outer  loop  becomes  the  factor  potentially  influencing  the  vehicle 
control.  That  is,  the  secondary  "hump"  in  the  Bode  plot  intersecting  the 
0  cLB  line  corresponds  to  a  "nuisance"  mode  at  a  frequency  of  2-3  rad/sec 
superimposed  on  vehicle  response. 

When  both  X^/Mg  and  M  are  lowered  (see  Fig.  13)  ^  the  oscillatory 
zeros  and  poles  are  biased  more  toward  the  RHP,  introducing  an  "cd^/cjc^" 
effect  commonly  appearing  in  a  conventional  aircraft Ts  lateral/directional 
mode  (e.g.,  Ref.  28).  For  small  Xs  this  mode  is  at  a  high  enough  frequency 
as  not  to  be  objectionable,  and  the  increased  crossover  frequency  due  to 
X5  again  improves  the  pilot  ratings.  Increasing  X^  beyond  this  apparent 
optimum  reduces  the  crossover  frequency  again.  The  low  damping  of  this 
zero  also  results  in  a  possible  instability  for  a  certain  closure  range. 

This  o^/oy-like  restriction  on  the  position-loop  closure  was  reflected  in 
the  pilot  ratings  of  Ref.  17.  The  ratings  initially  improved  with  X5,  then 
rapidly  degraded  as  the  level  was  increased  beyond  the  apparent  optimum. 

In  summary,  from  the  results  shown  here,  we  conclude  that  the  effects 
of  X$  will  be  generally  detrimental  to  the  manual  hover  control  task 
although  they  do  tend  to  improve  position  control.  This  is  apparently 
due  to  the  difficulty  the  pilot  experiences  in  closing  the  attitude  control 
loop  in  a  stable  region. 

To  minimize  the  adverse  effects  of  X5  on  the  attitude  loop,  speed 
stability,  Mu,  must  be  small  and  the  damping  terms,  — Xu  and  — Mq,  large. 

When  is  large,  excessive  pilot  compensation  is  necessary  unless  Xu 
is  substantially  increased  or  the  attitude  control  function  is  performed 
by  separate  augmentation  schemes. 

When  the  speed  derivatives  are  zero  (FL  =  Xu  =  0),  the  magnitude  X§ 
may  restrict  control  due  to  a  possible  interaction  of  the  x-loop 

zeros  and  the  closed- inner  loop  poles  set  by  the  pilot  or  by  an  augmentation 
system. 
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2.  Effect  of  Axial  Force  Control  Term,  Xg/Mg,  Airspeed  Closure 
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Figure  13.  Effect  of  Mq  and  X5/M5  on  Airspeed  Control;  Xg/Mg  =  -4  ft 


B.  EFFECTS  OF  CONTROL  SYSTEM  DYNAMICS  AND  NONLINEARITIES 


The  preceding  discussion  of  control  coupling  terms  has  assumed  "ideal" 
control  system  characteristics .  In  this  subsection,  we  will  consider  the 
effects  that  typical  control  system  properties  have  on  the  manual  control 
situation. 

Figure  ih  (extracted  from  Ref.  l4)  shows  a  simplified  control  system 
identifying  some  of  the  more  detailed  characteristics  present  in  manual 
control  systems.  Several  of  the  nonlinearities  were  chosen  for  examination 
together  with  other  effects  such  as  actuator  lag  and  high  frequency  dynamic 
modes.  The  specific  control  systemproperties  studied  in  this  analysis 
are: 

1 .  Effects  of  actuator  lag 

2.  Effects  of  high  frequency  dynamics 

3.  Control  system  backlash 

h.  Control  system  threshold,  including  control 
feel  system  breakout  forces 

5.  Actuator  velocity  saturation 

6.  Valve  friction  and  flow  forces 

7.  Stability  augmenter  authority  limits 

Two  airframe  dynamic  configurations,  representing  a  satisfactory 
and  an  unacceptable  handling  quality  rating  were  chosen  as  the  basic 
controlled  elements  in  these  analyses.  These  hover  configurations  are 
listed  below  for  reference  and  were  selected  from  the  conventional  VTOL 
dynamics  analyzed  in  Appendix  A.  The  closed-loop  pilot/vehicle  system 


CASE 

AERODYNAMIC 

CHARACTERISTICS 

DYNAMIC 

FACTORS 

Yv 

Ly- 

L 

p 

1/Tcpi 

1/Tr 

C 

03 

Satisfactory 
(PR  =  2.7) 

-0.037 

-0.01 

-2.50 

0.037 

2.55 

-0.018 

0.36 

Unacceptable 

(PR  =  7-3) 

-0.037 

-0.04 

-1 .25 

0.037 

1  .70 

-0.239 

0.87 

without  the  adverse  control  system  features  is  viewed  as  the  base  condition. 
With  this  as  a  starting  point,  we  show  how  inclusion  of  nonlinearities  or 
other  control  system  features  can  adversely  affect  the  closed- loop  control 
situation.  From  such  considerations  we  attempt  to  judge,  where  possible, 
just  what  level  of  the  characteristic  will  cause  a  significant  deterioration 
in  the  pilot  opinion  or  handling  qualities . 
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Figure  l4.  Elements  of  Control  Feel  System  Characteristics 


1 .  Effects  of  Actuator  Lag,  Tc 


A  general  sensitivity  expression  is  derived  in  Appendix  B  to  show  the 
effect  of  the  actuator  lag  on  the  closed-loop  roots .  Since  the  inner-loop 
closure  requires  the  highest  bandpass,  the  expression  as  developed  considers 
only  this  closure.  The  primary  effect  of  the  lag  from  a  closed-loop  view¬ 
point  is  to  reduce  the  effective  bandwidth  of  this  closure.  This  effect  is 
shown  by  the  migration  of  the  closed-loop  oscillatory  mode,  cqj  ( approximately 
equal  to  the  crossover  frequency,  coc)  as  sketched  below.  As  values  of  actuator 
lag  become  very  large  the  roots  of  the  dominant  cqq  mode  become  coincident  with 
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the  Dutch  roll  roots  of  the  "basic"  vehicle.  This  is  logical  since,  if  the 
actuator  is  viewed  as  an  extremely  low  pass  filter,  then  pilot  command  inputs 
are  essentially  completely  attenuated  and  the  system  reverts  to  basic  vehicle 
open-loop  characteristics.  The  desired  inner-loop  crossover  frequency  region 
(cdq  >  2.5  rad/sec)  is  shown  as  a  band  on  the  sketch.  When  actuator  lag 
becomes  greater  than  seme  nominal  value,  the  pilot  is  required  to  change 
his  compensation  to  maintain  the  desired  crossover  frequency,  u>c,  and  a 
stable  attitude  closure.  This  provides  the  basis  for  estimating  the  level 
at  which  the  lag  will  affect  handling  qualities.  As  noted  in  previous  dis¬ 
cussions  and  shown  in  Appendix  A,  we  can  assume  that  a  significant  degrada¬ 
tion  in  pilot  opinion  will  occur  if  values  of  pilot's  attitude  loop  lead 
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time  constant  greatly  exceed  1  sec  and/or  the  lead  is  ineffective  as  a 
means  of  compensation.  We  will  apply  these  simple  rules  to  estimate  the 
effects  of  actuator  lag  on  the  satisfactory  and  unacceptable  cases.  Root 
locus  sketches  are  used  in  the  following  discussions  for  clarity;  however, 
the  conclusions  are  based  on  detailed  system  surveys. 

a.  Satisfactory  Case.  For  the  satisfactory  dynamics  (i.e.,  aod<0.5  rad/ 

sec  and  £  =  0),  the  frequency*  of  the  actuator  lag  must  be  ten  times  greater 
than  the  bare  airframe  Dutch  roll  frequency  >  10:1  J  *°  ensure 

that  no  significant  deterioration  in  pilot  opinion  will  occur.  This  is 
shown  by  the  root  locus  traces  in  Fig  15a  which  illustrate  how  the  closed- 
loop  attitude  root  changes  for  various  combinations  of  lags  and  pilot 
lead  compensation.  Basically,  if  no  adjustment  in  compensation  is  assumed 

as  the  lags  increase,  the  closed-loop  performance  deteriorates  (i.e.,  both 
bandpass  and  damping  decrease).  However,  for  the  condition  where  l/Tc  =  lO  cqp? 
a  lead  of  approximately  1  sec  (TL  =  1  .0)  will  compensate  for  the  system  lag 
and  the  closed-loop  performance  will  be  maintained.  For  larger  actuator 
lags  the  closed-loop  situation  cannot  be  restored  without  additional  pilot 
compensation  (e.g.,  increased  lead,  Tp  ,  and/or  reduced  pilot  effective 
delay,  Te).  This  is  obvious  from  the  xigure,  since  the  closed-loop  roots 
are  of  lower  frequency  for  the  larger  lags . 

Limited  verification  of  these  predicted  effects  is  shown  by  the  Ref.  2 
data  reproduced  in  Fig.  1 6.  Here  the  estimated  Tc*s  for  which  a  significant 
change  in  PR  is  predicted  (  *l/3?c  =  10  o^)  are  superimposed  on  the  actual  (longi¬ 
tudinal)  data.  For  the  two  dynamic  conditions  tested,  the  predicted  values 
coincide  with  the  onset  (APR  =  0.5 )  of  pilot  rating  degradation. 

b.  Unacceptable  Case.  When  the  basic  airframe  dynamics  are  unacceptable, 
the  closed- loop  performance  trends  with  increasing  lag  are  essentially  the 
same  as  for  the  satisfactory  case.  This  is  shown  in  Fig.  15"frj  where  we 
again  note  that  the  bandwidth  decreases  when  the  pilot* s  lead  compensation 
remains  constant  (i.e.,  1  /TLq>  =  I/Tr).  Moreover,  the  relative  Improvement 

in  the  closed-loop  frequency  and  damping  when  lead  corresponding  to  Tp  =  1 
is  used  is  far  less  than  for  the  acceptable  cases.  However,  Fig.  15  d6es 
indicate  that  if  the  lag  break  "frequency"  is,  again,  approximately  0.1  of 
the  bare  airframe  frequency  [i.e.,  (l/Tc)/<r&  >  10:1  ]  the  closed-loop 
situation  is  nearly  unchanged;  we  infer  therefore  that  there  would  be  no 
significant  deterioration  in  pilot  opinion  for  such  values  of  Tc. 

Unfortunately  there  are  no  data,  as  of  this  writing,  to  check  this 
conclusion  for  the  case  in  question.  However,  the  unacceptable  bare  air¬ 
plane  oscillatory  frequency  is  about  O.85  rad/sec  (see  Fig.  15b  )  which  is 
about  halfway  between  the  frequencies  corresponding  to  the  two  conditions 
shown  in  the  data  of  Fig.  1 6.  Except  for  the  difficulty  of  easily  identifying 
APR* s  of  0.5  for  basic  ratings  of  6. 5  (see  Ref.  1 1 )  we  would  therefore  antici¬ 
pate  similar  results  for  the  unacceptable  case  in  question. 

2.  Effects  of  High  Frequency  Dynamics 

High  frequency  dynamic  modes  associated  with  the  control  system,  hydraulic 
actuator  or  basic  airframe  can  be  approximated  by  an  overall  transport  lag 


^Bandwidth  and  crossover  frequency  are  assumed  equivalent  to  the  closed- 
loop  roots  for  simplicity. 
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a) Satisfactory  Case  b)  Unacceptable  Case 

Figure  15.  Effect  of  Actuator  Lag  (l/Tc) 
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Figure  1 6.  Effects  of  Longitudinal  Control  Lag 
on  Handling  Qualities  of  XV-4B  Aircraft 


-^rcs-  This  approximation,  based  on  the  assumption  that  high  frequency 
dynamic  modes  exhibit  negligible  attentuation  but  significant  phase  lag 
in  the  frequency  range  of  interest,  is  used  in  the  analyses  to  follow. 


a.  Satisfactory  Case.  Figure  17a  illustrates  how  the  dominant  closed- 
loop  roots  for  the  satisfactory  case  are  affected  by  increasing  values  of 
transport  lag  (t).  The  major  effects  are  reductions  in  bandpass  and  damping 
ratio.  Lead  generation  on  the  part  of  the  pilot  can  restore  the  original 
performance  of  the  system  for  values  of  %  less  than  approximately  0.6  sec 
without  pilot  opinion  degradation  (i.e.,  TL>i).  If  a  nominal  transport 
delay  of  0.4  sec  is  attributed  to  the  pilot  then  the  effective  additional 
delay  due  to  high  frequency  dynamics  and  other  sources  must  be  limited  to 
0.2  sec  in  order  to  avoid  significant  opinion  degradation. 

b .  Unacceptable  Case.  The  effect  of  increasing  transport  lag  on  the 
dominant  mode  of  the  unacceptable  case  is  shown  on  Fig.  17b..  Reduction  of 
bandpass  and  damping  ratio  is  again  evident.  In  this  case  however  pilot 
lead  is  ineffective  in  restoring  system  performance.  Thus  in  order  to 
improve  the  system  dynamic  performance  the  pilot  is  forced  to  abandon  the 
conventional  technique  of  lead  generation,  and  to  adopt  some  other  tactic 
such  as  reduction  of  his  basic  reaction  time  delay  (xe).  This  implies  that 
he  is  operating  close  to  the  performance  limits  of  his  neuromuscular 
system  and  as  a  consequence  pilot  opinion  will  undergo  rapid  degradation. 

The  nature  of  the  dynamics  for  the  unacceptable  case  therefore  makes 
this  situation  much  less  tolerant  of  variations  in  system  parameters 
(such  as  transport  lag)  than  is  the  case  for  the  satisfactory  rated 
dynamics.  Such  intolerance  to  variations  in  system  parameters  appears 
to  be  one  of  the  hallmarks  of  configurations  which  receive  unacceptable 
ratings .  This  feature  can  be  extremely  useful  in  preliminary  analysis 
for  delineating  "crucial"  configurations  likely  to  receive  a  poor  pilot 
rating . 

3.  Control  System  Backlash 

Effects  of  control  system  backlash  are  shown  on  the  gain-phase  plot 
of  Fig.  18.  The  linear  portion  of  the  loop  G(jcu)  is  plotted  (with  cd  a 
parameter  along  the  plot)  for  satisfactory  and  unacceptable  cases;  the 
-1/N  function,  the  negative  inverse  of  the  nonlinear  describing  function 
is  plotted  for  increasing  values  of  the  oscillatory  amplitude  and  is 
frequency- independent .  The  intersection  of  G(jco)  and  — 1 /N  produces  a 
limit  cycle  condition  at  the  corresponding  G(  jcn)  frequency  and  the  —1 /N 
amplitude  (e.g.,  see  Ref.  31 ) .  Changes  in  the  linear  system  gain  shift 
the  G(jcn)  plot  up  and  down  relative  to  the  -l/N  plot;  and  the  Fig.  18 
levels  of  gain  used  are  considered  representative  of  expected  pilot 
adaptation  in  the  absence  of  any  backlash.  The  predicted  limit  cycle 
Tor  the  unacceptable  case  occurs  at  a  higher  frequency  and  larger  ampli¬ 
tude  than  the  satisfactory  case.  It  is  evident  from  Fig.  18  that  reduc¬ 
tion  in  pilot  gain  for  the  satisfactory  case  does  not  significantly  alter 
the  characteristics  of  the  limit  cycle  until  very  low  values  of  gain  are 
reached.  For  the  unacceptable  case,  however,  a  much  smaller  reduction 
in  pilot  gain  produces  a  rapid  increase  in  limit  cycle  amplitude.  This 
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a)  Satisfactory  Case  b)  Unacceptable  Case 

(Config.  I)  (Config.  2) 

Figure  17.  Effect  of  Transport  Lag 
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Satisfactory  Case 


Figure  18.  Effect  of  Control  System  Backlash 
on  Pilot /Vehicle  Attitude  Loop 
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is  primarily  due  to  the  narrower  stable  gain  region  in  the  unacceptable 
case  which  resulted  initially  from  the  higher  value  of  Dutch  roll  frequency. 
Of  course.  Increases  in  gain  will  rapidly  drive  the  linear  system  unstable; 
i.e.,  when  the  amplitude  of  G(Jod)  at  — 180°  of  phase  is  greater  than  0  &B. 

For  the  limit  cycle  predicted  in  the  satisfactory  case,  amplitude  of 
aircraft  oscillation  (attitude  and  displacement)  were  calculated  for  various 
values  of  backlash  magnitude  (see  Fig.  19)-  Experimental  data  from  the 
simulator  investigation  of  Ref.  2  provides  pilot  rating  and  comments  for 
various  levels  of  control  system  backlash.  Vehicle  dynamics  for  the  test 
vehicle  of  Ref.  2  and  for  the  satisfactory  case  in  this  analysis  are  similar. 
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Figure  19 .  Effect  of  Increasing  Backlash  on  Amplitude 
of  Predicted  Limit  Cycle  (Satisfactory  Case  Example) 


From  Ref.  2  data  when  the  levels  of  backlash  exceeded  0.4  in.  the  pilot 
rated  the  flying  qualities  as  unsatisfactory.  At  this  level  of  backlash 
the  pilot  also  commented  that  precision  control  of  attitude  was  difficult 
and  that  the  aircraft  exhibited  a  tendency  to  oscillate  in  position.  The 
calculated  limit  cycle  amplitudes  for  a  backlash  value  of  0.4  in.  are  of 
the  order  of  ±0.5°  attitude  and  ±1.3  ft  in  lateral  position  (see  Fig.  19). 
Frequency  of  the  predicted  limit  cycle  was  in  the  region  of  0.5  rad/sec. 
Since  it  has  already  been  shown  in  Ref.  1,  and  inferentially  demonstrated 
by  the  correlations  in  Section  II,  that  typical  crossover  frequencies  for 
the  attitude  loop  are  in  the  region  2  to  3  rad/sec  and  for  the  position 
loop  0.5  to  1  rad/sec,  it  would  appear  that  the  predicted  limit  cycle 
would  be  more  troublesome  to  the  pilot  in  controlling  position.  Also, 
a  lateral  displacement  of  the  aircraft  of  ±1.3  ft  is  in  the  region  of 
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average  error  for  control  in  a  hovering  task  and  as  such  would  he  readily 
discernible  to  the  pilot  in  the  Ref.  2  s mutations .  A  logical  deduction, 
therefore,  is  that  the  observed  downrating  was  primarily  due  to  the 
resulting  position  wander. 

On  the  other  hand,  for  the  unacceptable  case  studied,  the  predicted 
limit  cycle  amplitudes  are  ±2°  in  roll  and  ±0.4  ft  in  lateral  displace¬ 
ment.  The  decrease  in  lateral  displacement  amplitude  is  due  to  its 
significant  attenuation  at  the  higher  frequency  of  the  predicted  limit 
cycle.  This  suggests  that,  as  the  limit  cycle  frequency  increases,  the 
emphasis  as  regards  system  degradation  would  be  shifted  from  position 
control  to  attitude  control.  Unfortunately  there  are  no  specific 
experimental  data  to  support  this  deduction. 

4.  Control  System  Threshold 

Effects  of  control  system  threshold  are  shown  in  Fig.  20.  The  same 
value  of  threshold  magnitude  will  produce  a  larger  amplitude  and  higher 
frequency  limit  cycle  in  the  unacceptable  case  compared  with  the  satis¬ 
factory  case.  This  is  primarily  due  to  the  smaller  stable  gain  region 
in  the  unacceptable  case  which  results  from  the  higher  Dutch  roll  frequency 
of  the  basic  vehicle. 

It  is  evident  that  reduction  of  pilot  gain  in  the  satisfactory  case 
does  not  alter  the  characteristics  of  the  limit  cycle  significantly  until 
low  values  of  gain  are  reached.  In  the  -unacceptable  case,  however,  reduc¬ 
tion  of  pilot  gain  produces  a  rapid  increase  in  the  limit  cycle  amplitude. 

A  given  value  of  control  system  threshold,  therefore,  is  much  more  likely 
to  produce  deterioration  of  pilot  opinion  in  the  unacceptable  case  than 
in  the  satisfactory  case. 

Unfortunately  there  are  no  available  experimental  data  which  bear 
directly  on  these  predictions. 

5.  Actuator  Velocity  Saturation 

Effects  of  actuator  velocity  saturation  are  shown  on  Fig.  21  .  The 
predicted  limit  cycles  for  both  satisfactory  and  unacceptable  cases  are 
unstable ;  that  is,  whenever  the  rate  saturation  limit  is  exceeded,  the 
amplitude  of  the  oscillation  in  the  pilot/vehicle  loop  tends  to  increase. 
Increased  amplitude  produces  increased  phase  lag  because  of  the  saturation 
effect  and  the  oscillation  amplitude  tends  to  diverge.  The  fundamental 
reason  for  this  divergence  lies  in  the  characteristics  of  the  basic  air¬ 
frame.  Because  the  basic  vehicle  has  an  unstable  Dutch  roll  mode  the 
response  characteristic  exhibits  a  single  crossover  with  the  saturation 
function  — l/N.  If  the  basic  vehicle  were  stable  the  characteristics  would 
be  similar  to  those  shown  in  Fig.  22  .  Residual  oscillations  tend  to  con¬ 
verge  toward  the  stable  limit  cycle  point  resulting  in  an  oscillation  of 
finite  amplitude.  In  the  Fig.  22  case  the  system  can  be  designed  so  that 
the  limit  cycling  is  either  eliminated  or  is  small  enough  to  be  negligible. 
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Stable  Limit  Cycle  (Satis.  Case) 
(Freq.  .35rps  Amp.A«  1.04a) 


Satis.  Case 


-100 


figure  20.  Effect  of  Control  System  Threshold  on  Pilot/Vehicle  Loop 


Figure  21 .  Effect  of  Actuator  Velocity  Saturation 
on  Pilot /Vehicle  Loop 
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Figure  22  .  Effect  of  Actuator  Velocity  Saturation  for  Stable  Vehicle 
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It  would  appear^  therefore,  that  if  the  damping  of  the  basic  vehicle  modes 
is  not  positive  the  actuator  rate  must  be  set  to  avoid  saturation  and 
attendant  divergence  problems . 

6.  Valve  Friction  and  Flow  Forces 


Effects  of  valve  friction  and  Bernoulli  flow  forces  were  estimated 
using  a  simplified  model  of  the  type  shown  in  Fig.  23 .  Bernoulli  flow 
forces  were  assumed  to  be  a  linear  function  of  valve  displacement. 

The  resultant  effect  is  to  increase  the  time  constant  of  the  actuator 
and,  therefore,  to  reduce  the  actuator  bandpass  [time  constant  is 
increased  from  T  =  l/Kv  to  Te  =  (Kl  + Kb)/KlKv,  see  Fig.  23].  Thus 
the  effect  of  Bernoulli  flow  forces  on  the  pilot/vehicle  loop  is  similar 
to  the  effect  of  increasing  actuator  lag  which  was  discussed  previously. 

Applying  describing  function  techniques,  effects  of  valve  friction 
reduce  to  an  effective  acceleration  feedback  loop,  the  feedback  gain 
being  a  function  of  amplitude  (see  Fig.  23).  The  major  effect  of  this 
feedback  is  to  increase  the  phase  lag  of  the  actuator  as  input  amplitude 
to  the  nonlinear  element  decreases  (see  Fig.  24a).  Increased  phase  lag 
for  the  satisfactory  case  (Fig.  24b)  tends  to  decrease  both  the  maximum 
phase  margin  and  the  stable  gain  region.  Thus  as  values  of  valve  friction 
increase,  the  satisfactory  case  tends  to  exhibit  characteristics  similar 
to  the  unacceptable  case  indicating  a  trend  towards  poorer  pilot  opinion. 
Maximum  phase  margins  are  already  small  for  the  unacceptable  case  and 
additional  phase  lag  due  to  valve  friction  will  be  even  more  detrimental 
than  for  the  satisfactory  case. 

7.  Stability  Augmenter  Authority  Limits 

Stability  augmenter  authority  limits  effectively  reduce  the  SAS 
feedback  gain  as  a  function  of  amplitude.  As  amplitudes  of  vehicle 
angular  rate  increase  beyond  some  fixed  level  of  saturation,  the  vehicle 
dynamics  tend  toward  the  unaugmented  characteristics  as  in  Fig.  25.  It 
is  possible  therefore  to  specify  saturation  values,  as  a  function  of 
angular  rate  amplitude,  which  will  provide  a  minimum  desired  level  of 
augmentation. 

Effect  of  pitch  rate  stabilization  authority  was  studied  experimentally 
in  Ref.  2  (see  Fig.  26).  Control  usage  in  terms  of  vehicle  pitch  rate  was 
measured  as  Ug  =  0.045  rad/sec  based  on  au  =5.1  ft/sec.  Figure  25  shows 
that  in  order .  to  maintain  maximum  damping  level  as  provided  by  the  SAS 
system  Ssatn/®  =  1®*  The  required  saturation  limit  corresponding  to 
Og  =  0.045  is  therefore  O.158  rad/sec  .  From  Fig.  26  this  corresponds 
to  a  pilot  rating  of  3.0  which  suggests  that  pilot  opinion  degradation 
will  be  negligible  if  the  saturation  limits  are  specified  by  erg  for  a 
design  gust  of  5.1  ft/sec.  To  interpret  this  result  in  another  way,  if 
the  saturation  limits  are  such  that  less  than  32  percent  of  all  pitch  rate 
amplitudes  exceed  the  saturation  limit,  then  pilot  opinion  degradation 
will  be  negligible.  For  higher  probabilities  of  exceedance  corresponding 
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Valve  Friction 


Effective  Flow  Force  Diagram 


Kl  =  Control  Linkage  Stiffness 
K  g  =  Eqivalent  Flow  Force  Spring  Stiffness 
Kv  =  Valve  Flow  Gain  Constant 


Figure  23.  Effect  of  Valve  Friction  and  Flow  Forces  on 
Effective  Actuator  Dynamics 
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Phase [deg) 


Linear  Actuator 
Characteristics 
*o  _  I 
*c  l+ST 


a)  Effect  of  Valve  Friction  on  Actuator  Characteristics 


-180° 


b)  Effect  of  Valve  Friction  on  Pilot /Vehicle  Loop 


Figure  2k.  Considerations  of  Valve  Friction  on  Manual  Control 
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gMa  = 


Measured  Control  Usage  a q  =  0 .045  rad/sec 


Rate  SAS 
Authority 
Mra :  rad/sec 

^e/OPT 

PR 

Summary  of  Pilot  Comments 

Unlimited 

o.44i 

3.0 

Well  damped.  Predictable  attitude 
response  to  control  inputs . 

0.15 

0.432 

3.0 

Seems  well  damped.  Several  times 
noticed  rather  rapid  response  to 
large  gust.  Easy  to  control  pitch. 

0.1 

0.352 

4.0 

Difficult  to  evaluate.  Sometimes  when 
maneuvering  noticed  rapid  pitch  motion. 
Frequently  had  overshoots  in  response 
to  commands . 

o.o6 

0.301 

4.5 

Pitch  control  requires  attention.  Must 
avoid  abrupt  control  inputs.  Needs 
damping . 

0.03 

0.253 

5-5 

Pitch  quite  difficult  to  control. 
Inadvertently  develop  large  pitch 
angles  when  maneuvering.  Gust  quite 
annoying . 

0 

0.272 

6.0 

Very  unstable,  oscillatory.  Difficult 
to  select  suitable  control  sensitivity. 
Probably  could  land  it  but  mission 
accomplishment  doubtful. 

O.67 

K'N 

1 

II 

& 

-0.1 

%  =  5-’ 

Figure  2 6 .  Experimental  Effects  of  Pitch  Rate  Stabilization 
Authority  on  Handling  Qualities 
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to  smaller  fractions  of  erg,  pilot  opinion  degradation  occurs  as  shown  in 
Fig.  27.  This  curve  is  based  on  the  saturation  values  required  to  produce 
the  probabilities  of  exceeding  the  limits  in  response  to  gust  au  = 5*1  ft/sec. 

o 


8.  Control  System  Breakout  Forces 


For  this  analysis  the  pilot  is  considered  to  produce  stick  force 
commands  in  response  to  vehicle  motion  cues  while  hovering  in  a  gusty 
environment.  For  small  amplitudes  of  control  motion,  increasing  the 
breakout  force  decreases  the  effective  controlled  element  gain  (open- 
loop  gain)  by  a  factor  of  %/(%  +  %),  where  Kp  is  the  stick  force  gra¬ 
dient,  and  an  approximation  for  Kpj,  utilizing  analytic  describing  function 
properties  (e.g..  Ref.  36),  is  given  by 


where  =  gain  contribution  of  the  breakout  force 

F^  =  breakout  force 

05  =  rms  calculated  control  stick 

amplitude  (based  on  gust  inputs  for 
Oy  =  5  ft/sec) 

The  effects  of  reduced  controlled  element  gain  on  pilot  opinion  rating 
is  shown  in  Fig.  28.  The  predicted  combined  breakout  and  stick  gradient 
forces  required  to  produce  a  degradation  of  four  units  (Cooper  Scale) 
(gain  reduced  to  0.23  optimum)  are  shown  in  Fig.  29.  This  prediction  is 
based  on  the  notion  that  in  the  "mean  operating  range"  (053  -*^205^, 

6&fo  —*-98$  of  probable  stick  motions)  the  effective  gain  is  0.23  times 
optimum  and  the  corresponding  decrement  in  pilot  opinion  rating  is  four 
units.  In  order  to  control  the  vehicle  with  small  control  motions,  the 
pilot  has  to  increase  his  gain  due  to  the  breakout  force.  This  is  the 
cause  for  his  probable  poor  opinion  rating  and  complaints  of  low  stick 
sensitivity. 

From  a  closed-loop  view  of  the  "unacceptable"  case  the  reduction  in 
open-loop  gain  that  would  result  in  a  linear  divergence  is  determined  to 
be  a  factor  of  1 /5  (see  Fig.  30,  low  frequency  crossing  of  the  axis). 
The  combination  of  breakout  and  stick  gradient  forces  to  effect  this 
reduction  of  (force)  gain  is  calculated  similarly  to  the  "acceptable" 
situation.  In  this  case,  there  is  the  possibility,  for  small  control 
motions,  that  a  finite  limit  cycle  may  ensue.  Figure  31  presents  the 
combined  breakout  and  stick  gradient  forces  that  could  produce  such  a 
finite  limit  cycle.  It  is  not  conclusive,  however,  that  the  pilot  will 
allow  the  vehicle  to  become  uncontrollable,  but  would  rather  resort  to 
large  control  motions  to  eliminate  the  limit  cycling. 
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erg  for  Control 

-L _ I _ I _ L 

62%  32%  13%  5% 

Cumulative  Probability  of  Exceeding  Saturation  Limits 


Figure  27.  Effect  of  Stability  Augmentation  Authority  Limits 

on  Pilot  Hating 
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Variable  Stability  Airplane  (Ref.  V/ADD-TR  61-47) ;  Yc 


K<£ 

si. 3s  + 1) 


(Same  Pilot,) 


Fixed-Base  Simulator  (Unpublished)  ;  Yc  =  Kc/s 
Fixed-Base  Simulator  (Ref.  WADC-TR  57-509)  ;  Yc=  Kc/s 


Fixed-Base  Simulator  (Ref.  ASD-TR  61-26)  ;  Yc  = 


1.2(,5s  +  l) _ 

S  [s2/7T  2  +  2  (.7  )  S  /v  +  l] 


Figure  28.  Pilot  Ratings  versus  Controlled  Element  Gain 
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12 


Q  L  - i - 1 - 1 - 1 - 1_ 

0  *2  ±4  ±6  ±8  ±10 

Fb  ,  Breakout  Force  (lb) 


Figure  29.  Predicted  Breakout  Force  Required  to  Produce 
Pilot  Opinion  Degradation  from  PR  =  2.5  to  PR  =  7*3 
for  Ref.  2  Satisfactory  Data 
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Feel  System  Stiffness  (lb/in,l 
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Figure  30.  Breul  Data  —  Unacceptable  Case 


Breakout  Force  (lb) 


Figure  31  .  Breakout  Force  That  May  Produce  Limit  Cycling 
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In  conclusion,  the  results  of  these  analyses  indicated  that  the  effects 
of  control  system  dynamics  and  nonlinearities  are  strongly  related  to 
inherent  vehicle  oscillatory  mode  dynamics.  In  the  case  of  VTOL  a  stable 
vehicle  is  desired  to  minimize  such  control  system  properties.  From  a 
manual  control  viewpoint,  nonlinear  effects  are  reflected  in  a  tendency 
for  closed- loop  limit  cycle  situations.  Such  limit  cycle  tendencies  will 
he  reflected  as  either  position  or  attitude  oscillations  depending  on  the 
basic  vehicle  oscillatory  mode. 
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SECTION  IV 


ASPECTS  OF  IATERAL/DIRECTIONAL  CONTROL 
IN  LOW  SPEED  AND  TRANSITION  FLIGHT 


This  section  presents  a  study  of  the  closed-loop  piloting  problems 
associated  with  the  lateral/directional  modes  in  the  transition  region 
from  hover  to  low  speed  flight.  The  objective  of  this  effort  is  an 
improved  understanding  of  the  pertinent  handling  quality  problems  for 
this  flight  region;  and  the  study  is  an  extension  of  the  similar  transi¬ 
tion  studies  presented  in  Ref.  1  .  As  in  these  previous  studies,  which 
explored  longitudinal  control,  the  basic  approach  here  is  to  consider  the 
piloting  problems  from  the  closed-loop  viewpoint  using  appropriate  quasi- 
linear  pilot  models.  By  so  doing  we  hope  to  isolate  the  crucial  vehicle 
parameters  and  factors  which  play  a  key  role  in  establishing  good  and 
bad  handling  qualities . 

In  the  first  part  of  this  section  we  will  generically  develop  and 
appraise  the  closed-loop  manual  control  techniques  or  tasks  in  transition. 

An  example  VTOL  aircraft  is  used  here  to  illustrate  how  the  pilot  control 
techniques  are  influenced  by  changes  in  the  vehicle  characteristics.  The 
purpose  of  this  part  of  the  study  is  to  follow  step-by-step  the  interplay 
of  pilot  and  vehicle  characteristics  through  transition.  In  other  words, 
we  show  how,  in  transition,  the  pilot  may  use  the  aileron  and  the  rudder 
for  control,  the  employment  of  either  or  both  being  directly  related  to 
the  particular  vehicle  dynamic  characteristics  at  the  given  point  in 
transition.  Such  generic  analyses  serve  to  identify  those  derivatives 
which  are  most  crucial  in  determining  the  control  characteristics  assoeiated 
with  transition  flight. 

In  the  final  subsection  we  examine  the  results  derived  from  available 
lateral/directional  handling  quality  experiments.  In  many  cases  we  are  able 
to  evoke  the  factors  identified  by  the  preceding  generic  studies  to  explain 
the  root  causes  for  the  pilot  rating  trends  or  comments.  Furthermore  using 
these  experimental  results  we  are  able  to  establish  both  good  and  bad  levels 
of  the  key  lateral  parameters. 

A.  GENERIC  ASPECTS  OF  CLOSED-LOOP 
MANUAL  CONTROL  IN  TRANSITION 


As  a  prelude  to  the  detailed  analyses  of  the  available  lateral/directional 
handling  quality  data,  we  will  consider  the  types  of  tasks  and  maneuvers  that 
the  pilot  will  be  required  to  perform  in  the  transition  flight  regime.  An 
adequate  delineation  of  such  piloting  functions  is  necessary  before  evolving 
feasible  control  techniques  and/or  predicting  handling  quality  requirements. 
However,  we  will  not  consider  those  aspects  of  transition  which  involve  the 
time-varying  effects  (i.e.,  the  continuous  transition).  Furthermore,  since 
closed-loop  control  functions  are  a  primary  consideration  in  regard  to  the 
pilot  assessment  of  handling  qualities,  we  restrict  our  studies  to  control 
tasks  and  maneuvers  which  can  be  described  by  closed- loop  situations. 
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1  .  Types  of  Manual  Closed- Loop  Tasks 


Closed-loop  control  tasks  in  piloted  flight  encompass  two  basic  functions: 

a .  C  ommand  maneuvers 

b .  Regulation  tasks 

The  command  maneuvers  for  the  lateral/directional  mode  include: 

a.  Bank  angle  change,  cpc. 

b.  Heading  change,  this  might  include  banked  or 

flat  turn,  hover  turns  or  decrab  maneuvers, 

c.  Lateral  displacement  changes,  yc;  this  might 
include  maneuvers  such  as  lateral  drift  or  sidestep. 

In  regulatory  tasks  we  can  expect  that  the  pilot  would  maintain  either 
attitude  and/or  ground  position  while  subjected  to  self-induced  or  externally 
applied  disturbances. 

Each  of  the  above  functions  Implies  that  the  pilot  is  active  in  performance 
of  the  closed-loop  control  task.  Table  V  summarizes  symbolically  the  appro¬ 
priate  loop  structures  and  feedback  functions  that  may  be  involved  in  accom¬ 
plishing  both  the  command  and  regulatory  tasks.  The  breadth  of  coverage  is 
adequate  to  span  control  situations  from  hover  to  forward  flight. 


TABLE  V 


CONTROL  STRUCTURES  AND  FEEDBACK  FUNCTION  FOR  CLOSED-LOOP  TASKS 


TASKS 

COMMAND  STRUCTURES 

REGULATORY  STRUCTURES 

SINGLE 

LOOP 

MULTILOOP 

SINGLE 

LOOP 

MULTILOOP 

Bank  Angle  ( cp) 

<P-^5a 

9  Ba  >  P  Br 

9  “^Sa 

<P  5a  >  P  5r  : 

cp  —  8a  ;  r  —  sr 

Heading  (\|/) 

*  sa 

—  &a  ;  9  5a 

i  sr 

y  sr ;  9  —  5a 

sa ;  cp  5a 

p  —  5r 

Lateral 

Displacement  (y) 

y  —  5a 

y  ^a  >  9  ^a 

y  —  5a 

y  8a  f  9  —  5a 

y  -*^5a  i  9  -^5a 

♦  —  Ba 

y  5a  5  V  5a 

t  5r 
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2.  Manual  Closed- Loop  Control  Features 
of  XC-142  in  Transition 

In  this  subsection  we  examine  the  closed-loop  control  features  (for 
a  typical  VTOL  airplane)  at  various  points  in  transition.  This  exercise 
is  used  to: 


a.  Illustrate  how  we  may  evoke  closed-loop  performance 
and  piloting  merits  as  a  means  of  predicting  good 
and  bad  handling  qualities . 

b.  Show  how  the  vehicle*  s  basic  changes  in  stability 
characteristics  influence  the  control  structures 
(i.e.,  piloting  technique)  required  to  perform 
elementary  regulatory  and  maneuver  tasks. 

A  typical  vehicle  for  consideration  of  the  control  structures  described 
in  Table  V  is  the  XC-l42  whose  derivatives  and  transfer  functions  are 
presented  in  Appendix  D.  The  following  represent  the  applicable  control 
structures . 

a.  Regulatory  Control 

0  ) 

j>  Attitude 

2)  ^Br]cp_Ba  ) 

3)  y  qp  5a  |  Lateral  Displacement 

b.  Maneuvering  Control 

1  )  Heading  Control 

t  9  5a 

2)  Coordination  Control 

9  —  Ba]p^5r 

The  primary  regulatory  control  loop  cp  5a  is  considered  first,  with  and 
without  pilot  lead  compensation  since  this  lp°p  is  basic  to  all  others. 

The  regulatory  and  maneuvering  loops  are  then  evaluated  to  point  our  their 
deficiencies  or  advantages. 

a.  Regulatory  Control 

1)  Bank  angle  regulation,  cp  Figures  32,  33  >  and  34  show 

the  Bode  and  root  locus  representation  of  bank  angle  control  for  hover, 
mid-transition,  and  end  transition,  respectively.  The  open-loop  pilot/ 
vehicle  bank  angle  transfer  function  is  of  the  form: 
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Vc 


— TS 


Aq)(  s  +  1  /T^  )  ( s  +  1  /Tq^) 


(s  +  1/Tr)(s  +  1/Ts)[s2+  2£dro^rs+o^r] 


Pilot 


Vehicle 


This  includes  the  pilot  lead  compensation  required  to  form  the  K/s 
crossover  region  near  2-3  rad/sea.  In  mid- transit ion,  lead  is 
required  just  to  obtain  stability,  and  the  lead  requirements  are 
moderately  large  (T p  =  1  sec)  from  hover  through  transition.  The 
low  dc  gain  at  hover ^indicates  very  low  steady  state  bank  angle  to 
command  step  aileron  which  will  influence  the  maneuvering  control 
aspects  to  be  discussed  later,  and  suggests  that  low  frequency  control 
of  disturbance  (e.g.,  gust)  will  be  poor. 

Bank  angle  control  is  considered  marginal  for  conditions  at  and 
below  the  mid- transit ion  point  due  to  the  fact  that  the  basic  vehicle 
is  unstable  and  continuous  pilot  effort  and  concentration  are  necessary 
to  generate  the  lead  compensation  required  for  stable  closed-loop 
control.  Further  complicating  the  control  problem  is  the  overall 
intolerance  of  the  closures  to  small  changes  in  pilot  compensation. 

2)  Heading  regulation,  ^  5r 

♦  -  5r]9  >  ga 

Rudder  control  of  heading  errors  is  normally  employed  in  a 
closed-loop  manner  when  tight  control  of  the  airplane  is  required 
(e.g.,  for  regulation  against  lateral  gusts).  Where  the  airplane 
roll  and  yaw  modes  are  coupled  (e.g.,  in  conventional  flight),  the 
pilot  will  be  required  to  use  the  ailerons  to  keep  the  wings  level, 
also.  Thus,  two  control  structures  are  envisioned  in  the  transition 
region:  the  single-loop  ^  Sr  control  near  hover  and  the  multiloop 
situation  where  the  cp  5a  inner  loop  is  stabilized,  depicted  below. 


Heading  and  Bank  Angle  Regulation  Using  Aileron  and  Rudder, 


t 


9 


8* 


6k 


Figure  32.  Manual  Bank  Angle  Control  in  Initial  Transition;  XC-142A 


Figure  34.  Manual  Bank  Angle  Control  in  End  Transition;  XC-142A 
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Both  control  situations  are  shown  for  the  three  transition  conditions  in 
Figs.  35,  36,  and  37  without  pilot  lead  and  with  maximum  (zero  phase  margin) 
gain.  Comparison  of  the  single-  and  multiloop  plots  illustrates  how  heading 
performance  is  improved  by  the  roll  closure  as  speed  increases.  For  example, 
in  the  top  (rudder  only)  diagrams  of  Figs.  36  and  37  the  low  Dutch  roll  mode 
(and  associated  numerator,  o^)  damping  generally  limits  the  attainable  cross¬ 
over  frequency;  and  system  performance  is  poor.  In  the  lower  plots,  the  roll 
Cm°SUre  'has  the  o^.  zeros  by  combining  them  with  the  coupling  numerator, 

an(t  has  effectively  cancelled  them  with  the  closed-loop  roll-spiral  mode 
(a^gj .  Also,  the  Dutch  roll  damping  has  increased;  and  the  combination  of  these 
effects  permits  higher  crossover  frequencies.  These  observations  do  not,  how¬ 
ever,  apply  to  the  hover  case.  Fig.  35,  where  there  is  no  difference  due  to  the 
inner  loop  because  rudder  activity  does  not  generate  bank  angle  and  bank  angle 
does  not  change  heading,  i.e.,  1^  =  0,  and  rUD  =  0. 

The  primary  change  in  rudder-only  control  occurs  as  the  airplane  becomes 
more  coupled  (i.e.,  approaches  end  of  transition)  as  shown  by  the  location  of 
the  zeros  of  the  numerator,  Ng  ,  in  the  right  half  plane  (see  Fig.  37).  Such 
unstable  zeros  are  traceable  to  the  large  lateral  stability,  Ly,  and  the  positive 
hBr  (i.e.,  -gLy[l -KvLBTi/NSr]  >0)  as  established  by  the  generic  considerations 
(e.g.,  see  Ref.  37).  Because  of  these  zeros  the  bandpass  of  the  \jr  -«-Sr  closure 
is  restricted  to  a  relatively  low  value  (i.e.,  uw  <  0.3  rad/sec)  due  to  phase 
margin.  Similar  characteristics  are  apparent  for  mid- transit ion  (Fig.  36) 
except  that  because  the  vehicle  is  directionally  unstable  (f(d  <  0)  rudder 
control  of  heading  is,  at  best,  essentially  neutrally  stable.  Furthermore, 

lead  compensation  makes  this  situation  worse, 
the  effect  of  additional  lead  being  to  keep  the 
system  unstable  at  the  Dutch  roll  frequency,  cod, 
as  indicated  by  the  (exaggerated)  root  locus 
sketch.  Here  the  locus  from  the  pole  does 
not  cross  into  the  stable  left  half  plane. 

With  the  cp  — loop  closed,  the  regulatory 
control  of  heading  is  significantly  improved 
because  both  numerator  and  denominator  are  thereby 
stabilized,  thus  permitting  the  desired  improve¬ 
ment  in  bandwidth. 

Another  regulatory  control  problem  emerges  as 
the  directional  stiffness  gets  larger  ( i.e  .,  »  0) . 

Basically  this  is  a  much  more  subtle  effect  and  has 
to  do  with  the  ability  of  the  pilot  to  reduce  or  adequately  control  the  errors  due 
to  disturbances.  Fundamentally,  a  broad  K/s  region  in  the  open^loop  controlled 
element  ensures  that  the  closed-loop  system  will  have  good  closed- loop  error 
control.*  However,  we  note  in  Figs.  36b  and  37b  that,  as  the  dynamics  approach 
a  conventional  vehicle,  the  desired  K/s  features  are  not  evident.  In  fact,  over 
a? relatively  broad  frequency  range  between  the  zero,  1 /T ’  and  the  Dutch  roll  pole, 
o^,  the  system  has  the  K-like  appearance  normally  associated  with  moderately 
damped  second-order  controlled  elements .  Because  of  this  feature,  good  error 


*The  adjustment  rules  for  pilot  closures  are  based  on  the  "crossover"  model 
concept  which  requires  a  broad  K/ s  region  for  valid  application  of  the  pilot 
model . 
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a)  Rudder  Only 


b)  Rudder  and  Aileron 


Figure  35.  Heading  Control  During  Initial  Transition 
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a)  Rudder  Only 


b)  Rudder  and  Aileron 


Figure  36.  Heading  Control  During  Midtransition 
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a)  Rudder  Only 


b)  Rudder  and  Aileron 

Figure  37-  Heading  Control  During  End  Transition 
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control  becomes  largely  a  function  of  the  bandwidth  of  the  dis¬ 
turbance  the  pilot  is  attempting  to  control.  Likewise,  proper 
pilot  equalization  is  largely  dependent  on  the  disturbance  band¬ 
width.  For  example,  if  the  disturbance  bandwidth  is  less  than  1 /Tp, 
the  pilot  may  use  lag  equalization  (i.e.,  smooth  control  inputs)  as 
shown  in  the  sketch  below.  This  produces  a  K/s  region  and  allows  a 
crossover  frequency  which  is  sufficiently  greater  than  the  input  to 
obtain  good  error  control.  However,  when  the  input  bandwidth  approaches 


OdB 


-100  — 


-200  — 


0.1  (jj  (rad/sec) 

Use  of  Lag  Equalization  i/T,i 


aod  (the  Dutch  roll  frequency)  then  obtaining  a  bread  K/s  region  with 
the  crossover  frequency  greater  than  the  input  frequency  is  much 
more  difficult.  This  situation  corresponds  to  that  noted  previously 
for  low  frequency  second-order  attitude  control  systems  in  hover. 

The  pilot  is  now  forced  to  introduce  lead  compensation  near  ool  as 
Sketched  below  to  obtain  the  desired  K/s  region. 


0.1  oj(rad/sec)  1.0 

Use  of  Lead  Equalization  at 
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Unfortunately,  the  addition  of  lead  does  not,  however,  yield  much 
improvement  in  error  reduction  although  the  crossover  frequency  is  now 
near  2  rad/sec.  This  is  graphically  illustrated  by  the  sketches  below 
which  show  the  increase  in  closed-loop  (dotted  line)  mid- frequency 


I 

u>(rad/sec) 


End  of  Transition  Example 
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"droop"  associated  with  increasing  lead.  The  pilot  appears  to  be 
approaching  a  point  of  diminishing  returns  for  his  additional  lead 
generating  effort.  In  effect  he  becomes  "boxed  in"  because: 

a)  Decreasing  Tp  reduces  the  potential  crossover 
frequency  and  eliminates  any  stable  K/s  regions 
greater  than  the  input  bandwidth. 

b)  Increasing  Tj,  and  maintaining  a  given  phase 
margin  (i.e.,  increasing  crossover  frequency) 
will  not  reduce  the  errors . 

3)  Lateral  displacement  regulation,  y  cp  -*-Sa.  The  loop 
structure  for  lateral  displacement  control  with  inner-loop  bank 
angle  closure  is  shown  below.  The  outer  loop  characteristics  for 
three  speeds  in  transition  are  shown  in  Fig.  38.  The  hover  condition 
is  the  only  case  where  a  stable  region  exists  without  outer-loop  lead 


Lateral  Displacement  Control  Through  Aileron  with 
Bank  Angle  Inner  Loop,  y  6aJ  g 


compensation,  because  of  the  pilot  lead,  Tp^,  used  in  the  inner, 
attitude  loop.  As  the  speed  increases  there  is  only  a  very  small 
stable  region  for  a  simple  outer-loop  gain  closure  and  no  K/s  region. 
Therefore,  lateral  displacement  cannot  be  closed  on  directly  unless 
outer-loop  lead  is  generated.  Since  y  =  U0^+v,  it  is  generally  more 
practical  for  the  pilot  to  provide  anticipation  or  lead  by  closing 
two  inner  aileron  loops,  bank  angle  and  heading.  Under  these  circum¬ 
stances  the  intermediate  heading  control  loop  sets  the  bandwidth  of 
the  lateral  deviation  closure.  That  is,  as  shown  in  Ref.  20,  if  the 
airplane  has  good  heading  control  in  forward  flight  the  lateral 
deviation  control  will  be  good. 
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b)  Mid -Transition 
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Figure  36.  Multiloop  Lateral  Displacement  Control  with  Ailerons 
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b .  Maneuvering  Control 


1 )  Heading  control,  cp  — Sg .  Figures  39  >  ^0,  and 

present  the  heading  to  aileron  transfer  function  characteristics, 
with  and  without  inner-loop  bank  angle  control,  from  hover  through 
transitions.  The  associated  block  diagram  is  shown  below.  The 
outer  loops  are  shown  closed  without  lead  to  permit  simple  com¬ 
parisons  .  Pilot  closure  of  the  roll  inner  loop  is  necessary  to 


Heading  Control  Through  Aileron 
with  Bank  Angle  Inner  Loop,  cp,  i|r  -►  &a 

stabilize  and/or  damp  the  lateral  oscillatory  mode  as  well  as  to 
improve  the  outer-loop  bandpass  for  the  heading  closure.  At  hover 
the  vehicle  does  not  possess  directional  stiffness*  and  therefore 
cannot  be  turned  with  the  ailerons.  This  is  evident  from  the  fact 
that  the  -*■  5a  closures  with  or  without  cp  Sa  are  unstable .  As 
the  speed  and  directional  stiffness  increase,  turning  becomes  possible 
with  the  ailerons  if  the  bank  angle  inner  loop  is  also  closed.  At  the 
end  of  transition.  Fig.  i-1 ,  bank  angle  needn’t  be  closed,  but  the 
heading  bandwidth  is  relatively  low  (cdc^  <0.3  rad/sec)  and  the  closed- 
loop  control  depicted  is,  in  fact,  very  poor.  This  is  due  to  the  loca¬ 
tion  of  the  numerator  factors  in  the  right  half  plane,  as  a  consequence 
of  the  combination  of  yawing  moment  due  to  aileron,  %a,  lateral 


*The  reader  is  reminded  that  in  the  hover  condition  the  lateral 
oscillatory  mode,  ug_,  is  defined  by  the  lateral  stability  tern,  L^, 
not  Nv. 


stability ,  ly,  and  directional  stiffness, which  results  in  a 
positive  value  of  g(l4^/N5- )^v^  “ ^a^/^a^v]  •  As  a  result,  there 
is  a  large  effective  tune  delay  in  the  heading  response  to  aileron 
commands,  as  shown,  for  example,  in  the  following  sketch. 

A  point  to  he  reiterated  here  is  that  good  heading  control  depends 
on  favorable  locations  for  the  numerator  zeros  of  the  cp/§a  and  \|r/5 
transfer  functions  (i.e.,  in  left  half  plane).  These  zeros  change 
drastically  with  relatively  small  changes  in  the  control  derivative, 
W5a- 


2)  Coordination  Control.  A  final  pilot  control  function  which 
may  be  desirable  or  important  is  the  act  of  coordinating  turn  or 
heading  maneuvers,  i.e.,  using  the  rudder  to  keep  the  body-oriented 
lateral  acceleration  acting  on  the  airplane  zero.  This  acceleration 
is  defined  by  ay  =  v— gcp  +  rUQ  A  Y^v  at  the  vehicle  c.g.  In  forward 
flight  v  is  usually  small  so  keeping  the  lateral  acceleration,  ay, 
or  sideslip,  v,  near  zero  by  proper  use  of  rudder  provides  a  coordinated 
turn  rate  equal  to  gcp/U^.  However,  as  speed  decreases,  rUQ  becomes 
negligible  and  the  initial  response  in  v  to  a  bank  angle  is  also  small. 
Therefore,  to  begin  with,  bank  angle  maneuvers  are  automatically 
coordinated  so  that  ay  =  v  =  0  and  v  =  gcp;  but  this  cannot  be  main¬ 
tained  since  as  the  vehicle  increases  side  velocity  v  diminishes  to 
zero  as  a  first  order  washout  given  by 


cp  S-Yv 

The  end  result  is  a  constant  speed  lateral  drift  with  the  component 
of  gravitational  acceleration  along  the  y  body  axis  (i.e.,  gcp)  balanced 
by  aerodynamic  reaction  Yvv. 


Heading  Response  Delay  Characteristics  to  \|/  Command 
at  End  of  Transition  (^,  cp  — Heading  Closure) 
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a)  Single  Loop  Heading  Control  With  Ailerons 
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No  Stable  Closure 


b)  Heading  Control  Using  Ailerons  and  Bank  Angie 


Figure  39-  Heading  Control  During  Initial  Transition 
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b)  Heading  Control  With  Ailerons  and  Bank  Angie 

Figure  lj-0 .  Heading  Control  During  Midtransition 


77 


± 

% 


'W^Sr 


jw 


10.0 


a)  Single  Loop  Heading  Control  With  Ailerons 


b)  Heading  Control  With  Ailerons  and  Bank  Angle 

Figure  if  1 .  Heading  Control  During  End  Transition 
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Figures  42,  43,  and  44  show  the  \|r  -**cp  control 

structure.  Closing  the  p  loop  has  moved  the  Dutch  roll  root,  o^, 
to  a  higher  frequency  (compare  to  previous  figure  of  ^  cp  5a 
alone)  and  this  stiffens  the  airplane.  Unfortunately,  the  uncom¬ 
pensated  p  — closures  used  here  to  provide  simple  comparisons 
tend  to  reduce  the  damping  of  the  Dutch  roll  mode,  and 

cp  — *-5a  numerator  factor,  As  a  result,  no  overall  improve¬ 

ment  is  achieved  in  the  heading  closures.  In  fact,  the  reduced 
damping  tends  to  restrict  the  heading  bandpass  due  to  the  peaking 
of  the  closed-loop  Dutch  roll  mode  (e.g.,  see  Fig.  43).  The 
restriction  of  the  heading  bandwidth  because  of  the  numerator 
factor,  £qPcp,  was  explored  in  Ref.  20;  and  the  results  of  this 
study  are  considered  later  in  this  section.  Basically,  it  is 
sufficient  to  note  here  that  the  tightness  of  the  heading  closure 
depends  on  this  numerator  damping  term 
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Figure  42.  Heading  Control  with  Aileron  Using  Rudder  Coordination; 
\lr,  cp  5a,  p  5r;  Initial  Transition  (Hover) 


Figure  43.  Heading  Control  with  Aileron  Using  Rudder  Coordination; 
i f,  cp  — p  -*-5r;  Midtransition 
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Figure  44.  Heading  Control  -with  Aileron  Using  Rudder  Coordination; 
cp  5a,  p  5r;  End  Transition 

B.  CONSIDERATION  OF  EXPERIMENTAL  RESULTS 

The  results  of  several  experimental  programs  covering  lateral/ 
directional  control  at  low-speed  conditions  will  he  considered  in  the 
following  subsections.  The  understanding  gained  from  the  foregoing 
generalized  considerations  of  pilot/vehicle  control  are  applied  to 
the  case  situations  examined  experimentally  in  Refs.  18,  19>  22,  and  25. 

This  is  done  by  detailed  closed-loop  analyses  for  selective  flight 
tested  conf igurations .  The  majority  of  these  dynamic  configurations  were 
tested  for  several  different  piloting  control  situations  and  tasks  which 
included  TTfl  tracking,  hovering  turns,  and  general  low- speed  flight  with 
and  without  synthetic  lateral  turbulence.  Only  an  overall  pilot  rating 
was  given  after  completion  of  the  test  series,  and  no  weighting  was  assigned 
by  the  pilot  to  the  various  tasks.  As  a  result,  in  these  analyses  we  con¬ 
sider  piloting  techniques  and  closed-loop  control  structures  covering  both 
regulatory  and  maneuver  control  situations  to  find  a  cause  for  the  given 
rating.  Note,  also,  that  conclusions  as  to  the  probable  cause  will  often 
be  directed  at  a  single  closed- loop  deficiency.  Thus,  in  this  discourse, 
we  are  suggesting  that  in  many  cases  a  single  adverse  factor  accounts  for 
the  rating,  and,  in  the  pilot  !s  eyes,  overshadows  all  other  desirable 
features.  Where  possible,  pilot  comments  are  used  to  support  such  con¬ 
clusions,  but  in  general  the  evidence  consists  primarily  of  the  anlytical 
review  of  the  data. 
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1 .  Directional  Damping,  Nr,  and  Stability,  Nv 


The  in-flight  model-following  simulator  experiments  of  Refs.  18  and  19 
studied  the  lateral/directional  handling  qualities  of  tandem  and  single 
rotor  helicopter  configurations  respectively.  The  two  experiments  were 
designed  to  determine  the  requirements  on  directional  stability,  Ny,  and 
damping,  Nr.  In  the  MSA  tests  (Ref.  18)  the  pilot  task  was  to  null  the 
localizer  and  glide  slope  indicators  on  an  ILS  approach,  while  in  the 
NRCC  tests  (Ref.  19)  the  pilot  maintained  a  ground  track  and  glide  slope 
through  visual  alignment  of  a  ground-fixed  indicator.  A  closed-loop 
analysis  of  the  two  experiments  was  performed  in  Ref.  20,  the  results 
of  which  are  discussed  briefly  in  the  following  paragraphs  because  of 
their  overall  pertinence  to  the  present  study  and  for  general  reference. 

Since  the  basic  ILS  task  was  maneuvering  the  airplane  to  zero  the 
deviations  from  the  localizer  beam  the  minimum  control  technique  would 
be  \|r  cp  -*~8a.  Lateral  displacement  control  is  not  considered  because, 
as  was  pointed  out  in  the  previous  section,  it  is  always  nearly  gcp/s2  and 
therefore  has  a  very  lew  bandwidth. 

The  important  conclusion  derived  from  the  ILS  tracking  task  was  the 
influence  of  the  numerator  damping  term  or  1  /Trp,  on  the  heading  loop 

crossover  frequency. 

More  specifically,  the  extent  to  which  the  heading  gain  and  crossover 
frequency  can  be  increased  depends  on  the  value  of  which  in  turn  is 

most  strongly  influenced  by  the  basic  value  of  and  the  roll/aileron 

numerator  damping  £q-p,p.  In  effect,  the  heading  loop  crossover  frequency 
(or  bandwidth  or  dominant  response  frequency)  is  determined  by  the  value 
of  £qPq),  which  in  turn  is  approximately  given  by 


^qPcp  “ 


-Yv-Nr 


2 


The  other  terms  associated  with  this  approximation  (such  as  L*-,  L5  , 
and  Nsa)  are  either  negligible  or  were  not  present  in  the  simulator. 

A  similar  dependence  of  the  achievable  heading  response  speed  (or 
crossover)  is  found  when  the  cp/Sa  numerator  is  nonoscillatory,  i.e., 
when  <  (Yv-Nr)2  which  occurs  for  low  directional  stability,  M.  In 
this  case  the  most  critical  parameter  in  the  heading  closure  is  the  closed- 
loop  pole  of  the  roll  closure,  which  becomes  almost  equal  to  1  /Tcpi  .  The 
approximate  factor  for  this  zero,  for  the  above  condition  on  Np,  is 


1 


N, 


E 


T<p,  '  YT  +  v-»r 
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Figure  45  shows  the  correlation  obtained  in  Ref.  20  using  the  above 
basic  cp-numerator  characteristics  as  metrics.  In  this  figure  all  the 
MSA  data  of  Ref.  18  and  the  three  low  KRCC  cases  of  Ref.  19  were 
plotted  to  establish  a  boundary  value  of  £qprp  (or  l/Tq^)  =  0.4/sec 
associated  with  the  3-1/2  rating.  The  low  Ny  cases  were  chosen  to 
minimize  pilot  rating  changes  due  to  gust  effects.  This  value  for 
£  (or  l/Tf4)  ),  which,  as  explained  above,  is  to  be  taken  as  a  measure 
o?  ¥he  heading  response,  converts  to  a  heading- loop  crossover  frequency 
between  about  0.25  to  0.3  rad/sec.  For  crossovers  less  than  0.25  to  0.3 
rad/sec,  the  pilot  will  begin  to  complain  that  the  aircraft  will  not  follow 
into  a  turn  using  "aileron"  control.  These  results  are  in  good  agreement 
with  the  conclusions  reached  in  Ref.  21  where  the  supersonic  transport 
configurations  studied  are  very  much  different  in  size  and  approach  speed. 

In  fact,  the  two  in-flight  simulators  of  Refs.  18  and  19  are  themselves 
much  different  in  size  and  weight,  but  the  pilot  ratings  of  similar  dynamic 
situations  in  the  two  aircraft  gave  surprisingly  good  agreement,  as  indicated 
in  Fig.  45. 

The  b  — cp  5a  control  structure  therefore  requires  or 

1  /Tcp-j  >.0.4.  When  this  requirement  is  not  met  rudder  control  of  heading 
(rather  than  with  ailerons),  i.e.,  5r  may  be  attempted;  but  this  is 

directly  influenced  by  the  level  of  Nv.  In  the  maneuvers  discussed  above, 
the  influence  of  gust  disturbances  was  slight  since,  generally,  Wv  —  0*01 • 
Since  increasing  values  of  Ny  will  change  the  disturbance  level  directly, 

Ref.  19  also  concerned  itself  with  a  regulatory  pilot  task  of  maintaining 
heading  in  the  presence  of  gust  induced  heading  disturbances.  Because  the 
gust  disturbances  were  only  directional  in  nature  (i.e.,  Ly  was  zero)  and 
the  vehicle's  roll  characteristics  were  suppressed  (high  — Lp),  the  pilot 
was  assumed  to  be  interested  primarily  in  the  single-loop  regulation  of 
heading  with  pedals.  This  is  similar  to  the  hover  dynamics  case  where 
the  inner-loop  bank  angle  closure  does  not  affect  the  i|r  Sr  closures . 

The  pilot's  ratings  in  these  tests  were  a  strong  function  of  the  direc¬ 
tional  damping,  Nr,  the  directional  stability,  Nv,  and  rudder  effectiveness, 
Ng>r.  The  important  analytical  results  of  Ref.  20  were: 

a.  The  pilot's  rating  shows  a  strong  correlation  with 
rms  heading  response,  cr : , ,  and  with  rms  control 
deflection,  crgr. 

b.  The  directional  damping,  Nr,  requirements  are  a 
strong  function  of  Nv  and  the  gust  level,  <jy  , 
as  reflected  in  the  value  of  a*. 

2.  Lateral  Stability,  Iy,  and  Directional  Damping,  Nr 

The  experiment  of  Ref.  22  is  essentially  a  continuation  of  the  variable 
stability  measurements  made  in  Ref.  19  for  ly  =  0  and  discussed  above.  In 
the  Ref.  22  experiment  various  levels  of  dihedral,  accompanied  by  changes 
in  directional  damping  and  control  sensitivity,  were  tested.  The  effects 
of  lateral  dynamics  were  supposedly  suppressed  by  keeping  the  roll  damping 
and  roll  control  sensitivity  at  a  high  but  constant  value.  However,  note 
that  a  large  value  of  roll  damping  can  be  a  significant  factor  in  defining 
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Configurations; 

NASA  TN-D  2477  Ref.  18  indicated  by  number  and  letter 
NRCC  LR-400  Ref.  19  indicated  by  number  only 
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Figure  45.  Correlation  of  Lateral  Numerator  Damping  Factor,  t  <r>  (or  1 /T, 

with  Pilot  Hating,  taken  from  Ref.  20 


the  airplane  oscillatory  mode  response  for  low*  Np  conditions  (i.e.,  the 
oscillatory  mode  can  became  equal  to^gLy/Lp  instead  of  .  The  aero¬ 
dynamic  coupling  derivatives  Np  and  were  considered  negligible  and  Yp 
and  Yr  were  shown  to  have  an  insignificant  effect  on  the  dynamic  charac¬ 
teristics.  The  visual  flight  task  performed  by  the  pilot  during  the 
evaluation  included  hovering  turns  and  a  complete  circuit  terminated 
by  a  low- speed  (30  kt),  steep  angle  (11°),  VFR  approach  to  touchdown. 

Both  a  simulated  steady  wind  and  synthetic  lateral  turbulence  were  intro¬ 
duced  into  the  simulation. 

The  results  of  the  experiment  for  the  circuit  flying  task  are  shown 
in  Fig.  46.  The  results  for  the  havering  task  are  very  similar,  as 
expected,  since  the  havering  was  done  into  a  simulated  15  kt  headwind. 

The  line  connecting  the  points  of  minimum  directional  damping  on  Fig.  46 
represents  the  variation  in  optimum  control  sensitivity;  i.e.,  increasing 
or  decreasing  N$r  about  these  points  degrades  the  pilot  rating.  Analyzing 
points  along  this  line  tends  to  eliminate  the  contribution  of  sensitivity 
to  the  pilot  ratings  as  the  dynamic  properties  of  the  vehicle  itself  change. 

The  stability  derivatives  for  the  optimum  control  sensitivity  conditions  of 
Fig.  46  as  well  as  the  aileron  and  rudder  transfer  functions  are  presented 
in  Appendix  D. 

Since  the  major  complaint  of  the  pilots  participating  in  these  experiments 
centered  on  the  ability  to  control  the  disturbance  caused  by  the  turbulence, 
only  the  gust  regulation  piloting  functions  are  given  detailed  consideration. 
Basically,  aileron  control  as  related  to  the  turning  ability  of  the  vehicle 
was  not  effectively  tested  in  this  experiment,  and  we  would  not  expect  the 
ratings  to  be  influenced  by  the  heading  to  aileron  control  technique.  That 
is,  the  r/Sa  numerators  are  identical  in  all  cases  and  1  /Tq^  or  are 

approximately  equal  to  0.3  except  for  the  satisfactory  case  at  Ly  =  — 0.05 
where  1  /T^  =  0.2.  Consequently,  we  will  exclude  the  ty,  cp  6a  closure 
from  the  discussion. 

Turning  directly  to  the  gust  regulation  task  we  see,  from  the  tabulated 
data  in  Appendix  D,  that  all  the  3-1/2  rating  cases  have  <  0.5  with  the 
spiral  mode  canceling  the  1  /Tp^  zero,  or  in  more  familiar  terms,  hover 
dynamics .  The  multiloop  control  technique  in  this  case  would  be  ^  &r]  ^  g 

The  reason  why  the  inner  roll  loop  has  to  be  closed  is  that  for  positive  a 

dihedral  (Ly  /  0),  the  side  gust  feeds  through  the  aerodynamics  (i..e.,  Ly) 
to  produce  roll  disturbances  as  well  as  heading  disturbances.  The  added 
roll  disturbances  not  only  require  the  use  of  ailerons  to  suppress  them 
directly,  but  can  also  complicate  the  heading  response  to  further  degrade 
the  performance  for  the  heading  control  task. 

A  typical  heading  closure  for  a  3-1/2  pilot  rating  case  and  moderate 
dihedral  (— Ly  =  0.02)  is  given  in  Fig.  47.  In  the  attitude  roll  closure 
(considered  the  inner  loop)  the  Dutch  roll  (o^)  and  the  corresponding 
rudder  numerator  second  order  (o^)  are  both  easily  modified  (to  and  coj.) 
so  as  to  Improve  the  outer  loop  characteristics.  Inner-loop  crossover 
frequencies  near  2.5  rad/sec  with  phase  margins  of  30°  to  40°  and  4  to 
6  dB  of  gain  margin  require  only  pilot Ts  gain  adaptation  (i.e.,  no  lead). 

The  resulting  outer  rudder  control  loop  has  a  large  K/s  region  which  extends 
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Figure  46.  Comparison  of  Handling  Qualities  Boundaries  for  Various  Values 
of  Dihedral  Effect,  Circuit  Flying  Task;  from  Ref.  22 
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Figure  k’J .  Multiloop  Heading  Closure  with  Rudder  for 
Moderate  Dihedral  (L^  =  —0.02)  and  Pilot  Rating  of  3-1/2 
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from  approximately  l/T^  to  i/TV.  The  larger  the  yaw  damping,  Nr, 
in  this  case,  the  longer  will  be^the  K/s  region  since 


.  1 

jf  =  m —  for  small  Yv 
ur  1cp1 

Actually  a  good  multiloop  situation  is  one  where  a  simple  inner-loop 
closure  will  provide  a  good  control  structure  in  the  outer  loop,  i.e., 
minimal  or  no  pilot  compensation  with  a  K/s  characteristic  in  the  region 
of  crossover .  In  this  case,  Fig.  47,  the  outer-loop  crossover  is  about 
2.0  rad/sec  in  a  K/s  region  with  approximately  the  same  gain  and  phase 
margins  as  for  the  inner  loop  and  without  any  need  for  pilot's  lead. 

The  conditions  for  satisfactory  L y  can  therefore  be  derived  from  these 
results  and  interpreted  in  terms  of  Dutch  roll  frequency;  that  is, 

“d  =  gLv/Lp  ^  0.25,  where  N§  >4%.  '  This  is  identical  to  the  hover 
requirement  shown  in  Fig.  2  for  Category  I  systems. 

For  the  6-1/2  rating  cases,  Nr  <  4Np  and  the  vehicle  resembles  a 
conventional  airplane  since  the  roll  numerator  is  complex  and  in  the 
vicinity  of  the  Dutch  roll  mode.  The  traditional  handling  qualities 
rules  regarding  ay  tcq,  Ccp,  and  £d  now  apply. 

The  closures  typical  for  any  of  the  6-1/2  cases  (i.e.,  -L  =  0.02) 
are  shown  in  Fig.  48.  in  this  case  the  inner-loop  closure  (cp  — ►  5  ) 
cannot  modify  the  Dutch  roll  (mq)  characteristic,  although  it  does3, 
modify  the  corresponding  rudder  numerator  (o^.).  The  net  effect  on 
the  outer  loop  is  small,  so  it  is  essentially  independent  of  the  inner- 
loop  closure.  The  dominant  airplane  gust  response  motion  with  both  loops 
closed,  not  obvious  from  Fig.  48,  consists  of  the  more  conventional 
coupled  roll  and  yaw  disturbances  due  to  the  aerodynamic  terms,  Iy  and 

Ny  . 


Since  it  is  evident  from  Fig.  48  that  the  roll  attitude  control  features 
exhibit  good  gust  regulatory  characteristics  (e.g.,  a  broadband  K/s  region 
with  simple  gain  compensation  for  the  closure),  we  turn  to  the  heading 
control  characteristics  for  the  cause  of  the  6-1/2  rating.  Here  the  evi¬ 
dence  pointing  to  poor  heading  control  with  the  rudder  is  the  relatively 
low  frequency  second-order  character  of  the  i|r/\|r  Bode  with  the  cp-loop 
closed.  It  will  be  remembqred  from  the  discussion  relative  to  Fig.  37 
that  such  features  pose  a  compensation  dilemma  to  the  pilot.  In  essence, 
because  the  dominant  oscillatory  mode  frequency,  o^,  is  near  1  rad/sec 
the  effective  gust  bandpass  is  likewise  nearly  the  same,  the  pilot  cannot 
obtain  the  desired  high-gain,  broadband  K/s  region  for  crossover  with 
either  lead  or  lag  compensation.  In  fact,  the  lead  compensation  needed 
to  obtain  a  K/ s  region  reduces  the  low  frequency  gain  and  consequently 
the  gust  regulatory  performance  as  shown  in  the  plot  below.  This 
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Figure  48.  Regulatory  Control  of  Heading;  Multiloop; 

6r<?  cp  5a 
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Effect  of  Pilot  Lead  Compensation  on  Heading  Error 
for  Constant,  Closed- Loop  Bandwidth  (i.e.,  1  constant) 

plot  was  computed  in  a  manner  similar  to  that  outlined  in  Appendix  E  for 
the  determination  of  the  rms  values  of  \|r,  cp,  N§r5r,  and  L§  5a  without  lead. 
The  results  of  the  latter  computations  are  shown  in  Table  vT,  below.  In 
this  table,  the  ^-excursion  provides  a  measure  of  the  pilot's  success  in 


TABLE  VI 

SUMMARY  OF  RMS  RESPONSES  FOR  aVg  =  1.0  FT/SEC 


CASE 

% 

N8r°5r 

a&r 

acp 

L&aa5a 

05a 

— Nr 

“Ly 

PR 

(deg) 

p 

(deg/sec  ) 

(in.) 

(deg) 

2 

(deg/sec  ) 

(in.) 

2.2 

0.01 

3-1/2 

0.23 

1  .23 

0.027 

0.022 

0.115 

0.0012 

3.3 

0.02 

3-1/2 

0.157 

1 .14 

0.020 

0.048 

0.35 

0.003 6 

5-7 

0.05 

3-1/2 

0.091 

1  .09 

0.014 

0.108 

1 .38 

0.014 

0.7 

0.01 

6-1  /2 

0.354 

1  .01 

0.030 

0.021 

0.071 

0.00072 

0.7 

0.02 

6-1  /2 

0.350 

1  .01 

0.029 

0.041 

0.i4i 

0.0014 

0.7 

0.05 

6-1/2 

0.340 

0.994 

0.025 

0.101 

0.35 

0.0036 
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the  principal  task  of  maintaining  heading.  The  cp-response  describes  the 
roll  attitude  deviations  of  the  vehicle  from  a  "wings  level"  condition. 
Finally,  W5  Sr;  Sr  and  Ie,a5a>  5a  provide  a  measure  of  both  the  required 
rms  controlrpower  and  the  rms  control  deflection  exercised  by  the  pilot. 


Although  the  rms  gust  velocity  was  8.9  ft/sec  (an  extreme  value)  in 
the  tests.  Table  VI  summarizes  the  computed  values  of  the  rms  responses 
for  a  unit  rms  gust  input.  The  six  cases  were  chosen  to  represent  low, 
medium,  and  high  dihedral  (— Ly  =  0.01,  0.02,  and  0.05)  at  the  3-1  /2  and 
6- l/2  pilot  rating  boundaries.  When  the  analytical  results  of  Table  VI 
are  compared  with  the  observed  pilot  ratings,  there  is  a  reasonable 
correlation  with  heading  performance,  or  ,  and  the  given  ratings.  This 
correlation  is  verified  by  pilot  commentary  (of  low  Nr  cases)  as  reported 
in  Ref.  22:  "...at  low  damping,  the  pilots  mainly  objected  to  the  dis¬ 

turbances  caused  by  the  turbulence,  and  they  insisted  on  dampings  high 
enough  to  keep  these  motions  small." 


The  effects  of  lateral  stability.  Ip  or  Ly,  have  not  been  mentioned 
here  because  of  the  "good"  cp-loop  features.  That  is,  the  pilot  is  capable 
of  maintaining  good  bank  angle  control  with  only  moderate  effort.  In 
addition,  the  cases  selected  from  Ref.  2h  correspond  to  the  lower  Ly 
conditions  where  <  4% . 

Coming  back  to  the  effects  of  lead  as  shown  in  the  preceding  sketch 
the  pilot's  general  reaction  to  this  control  situation  has  been  observed, 
also,  in  the  Princeton  variable- stability  Navion  experiments  reported  in 
Refs.  23  and  2k.  Although  tested  for  higher  directional  stability  levels, 
the  i|r-loqp  Bode  diagram  sketched  below  for  these  Princeton  tests  has  a  very 
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similar  appearance  to  that  of  Fig.  48c.  In  the  present  case,  the 
deterioration  of  pilot  opinion  was  specifically  attributed  to  excessive 
turbulence  sensitivity  in  yaw  and  to  the  predominant  yawing  motion  in 
the  airplane's  response  which  could  not  be  precisely  controlled  with 
rudders .  An  increase  in  Nr  for  these  configurations  permitted  the  pilot 
to  make  an  acceptable  "feet-off"  approach. 


p  In  terms  of  our  initial  findings  from  the  Ref.  22  experiments,  when 
Nr  <  4N|3  and  the  pilot's  desire  the  f  cp  5a  control  structure,  Nr 
should  be  determined  such  that  t  go  >  0.4  (i.e.,  Nr  >  0.8).  This  is 
approximately  the  level  of  direct i6nal  damping  deemed  necessary  in 
Ref.  24  to  provide  satisfactory  control.  Furthermore,  with  Nr  below 
this  level,  a  rudder  to  heading  control  is  forced  on  the  pilot  due  to 
the  predominance  of  yawing  motions,  but  this  is  a  futile  exercise  and 
leaves  the  pilots,  as  reported  in  Ref.  24,  "...with  -undesirable  heading 
excursions  they  are  forced  to  live  with."  From  the  control  technique 
standpoint,  these  results  may  be  summarized  in  the  following  way: 


Heading  control  with  the  rudders  can  be  satisfactory 


in  which  case  the  pilot  rating  is  directly 

the 


when  >  4Nq 

proportional  to  o^.  When  N§  becomes  less  than  4No 
rudder  technique  is  no  longer  acceptable  and  the  pilot 
transitions  to  an  aileron  control  of  heading.  In  this 
case  the  ratings  are  directly  proportional  to  Nr,  with 
0.8  being  the  minimum  acceptable. 


3.  Aileron-Rudder  Control  Cross-Coupling  Effects,  NB  and  L5 

The  data  analyzed  here  were  obtained  from  the  Ref.  25  variable- stability, 
single-rotor  helicopter  study  in  which  the  control  coupling  terms  %  and  Lsr 
were  varied.  The  piloting  task  in  this  experiment  consisted  of  hovering 
turns  out  of  simulated  wind,  transitions  to  forward  flight,  a  constant  speed- 
constant  angle  steep  approach,  and  a  decelerating  transition  with  landing. 

The  results  of  Ref.  25  (Fig.  49)  are  presented  in  the  form  of  contours  of 
constant  pilot  opinion  separating  the  "normal  operation,"  "emergency  opera¬ 
tion,"  and  "no  operation"  regions  (3-1/2  and  6-1/2  boundaries)  as  assessed 
by  three  pilots  while  performing  the  visual  flight  tasks  in  the  presence  of 
a  simulated  turbulence. 

The  stability  axes  derivatives  used  in  the  basic  vehicle  were  set  at 
values  which  produced  a  "good"  vehicle  before  the  control  coupling  terms 
were  added.  The  derivatives  were  obtained  from  Ref.  25  and  are  presented 
in  Appendix  D. 

Since  the  task  of  performing  turns  out  of  wind  is  notably  a  difficult 
maneuver  some  mention  as  to  the  method  of  simulation  mechanization  is 
pertinent.  In  this  experiment,  side  velocity  due  to  wind  was  simulated 
by  displacing  the  ailerons  and  rudder  in  proportion  to  UD  sin  ty,  where  UD 
was  the  simulated  wind  speed  of  15  kt.  As  the  helicopter  rotated  out  of 
the  wind  (i.e.,  changed  heading)  aileron  and  rudder  were  therefore  required 
to  control  the  rolling  and  yawing  moments  due  to  Lv  (U0  sin  i|r )  and  Nv  (UQ  sin  \| ,) 
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Figure  49.  Lateral/D ireetional  Control  Cross-Coupling 
Handling  Qualities  Boundaries  (Reproduced  from  Ref.  25) 


respectively.  With  the  proper  control  displacement  ratio  the  helicopter 
could  he  havered  at  90°^  without  any  side  translation  and  without  any 
hank  angle.  In  a  true  wind  this  would  he  impossible  unless  the  side  force 
derivatives  were  zero.  Also,  since  the  simulated  wind  was  not  actually  a 
moving  air  mass,  the  ground  translation  was  directly  attributable  to  side¬ 
slip.  In  a  true  wind,  the  vehicle  may  be  translating  with  respect  to  the 
ground  but  may  be  stationary  (i.e.,  p  =  0)  with  respect  to  a  moving  air 
mass.  In  any  case,  the  task  is  one  in  which  aileron  and  rudder  control 
coordination  during  the  maneuvering  phase  is  required.  Again  the  many 
different  tasks  performed  by  the  pilot  may  be  divided  into  the  two  basic 
closed-loop  categories;  maneuvering  tasks  where  attitude  (cp  and/or  i|r)  is 
changing,  and  regulatory  tasks  where  it  is  desired  that  attitudes  remain 
fixed. 

Analysis  of  both  the  regulatory  and  maneuvering  tasks  provides  the  basis 
for  our  appraisal  of  the  results  of  the  Ref.  25  control  cross-coupling 
experiment.  Regulatory  tasks  (i.e.,  maintaining  bank  angle,  cp  6a,  and 
heading,  \jr  6  )  under  gust  conditions  are  considered  first;  and  favorable 
and  adverse  aileron  and  rudder  coupling  terms  are  covered.  Next  we  consider 
maneuvering  with  conventional  aileron  heading  control,  i|r,  cp -»-6a,  f°r  various 
combinations  of  N$a  and  Lgr.  Finally,  because  of  the  extreme  levels  of  the 
coupling  terms  we  also  consider  the  need  for  rudder  coordination  during  the 
heading  maneuver.  Accordingly  we  add  a  parallel  f3  loop  to  supplement 

the  basic  \|r  cp  5a  heading  maneuver  structure. 
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a.  Regulatory  Control 


1 )  Ns a  variabl e,  L5r  =  0.  For  analysis  of  the  regulatory  tasks  we 
selected  cases  where  the  effect  of  one  variable  could  be  studied 
independently  of  the  other.  Appendix  D  presents  the  selected  cases 
with  their  corresponding  vehicle  characteristics  and  pilot  ratings. 

The  closures  for  four  levels  of  aileron  yawing  moment  are  presented 
in  Figs.  50-53.  These  closures  show  the  cp/Sa  loop  and  the  f/5r  loop 
with  cp-»-5a  closed.  The  closure  details  show  a  combination  of  problem 
areas  but  none  appear  sufficient  to  consistently  or  adequately  account 
for  the  change  in  pilot  rating  and  the  pilots'  general  objections.  For 
the  high  preverse  yawing  moment  cases  (Fig.  50),  heading  regulatory 
control  is  considered  only  fair  because  of  the  relatively  poor  low 
frequency  ty-loop  gain  (i.e.,  less  than  6  dB).  In  the  case  of  high 
adverse  yaw  (Fig.  53)  the  regulatory  control  problem  appears  in  the 
cp-loop  and  is  reflected  by  the  poor  dc  gain  features  of  this  closure. 

For  all  cases,  the  closures  can  be  made  with  very  little  pilot  lead 
(^Lcp  <0.1  sec)  in  the  inner  ( cp)  loop  and  no  lead  required  for  the  outer 
(t)  loop.  All  crossovers  are  attainable  in  the  desired  frequency  regions 
at  -20  dB  per  decade  slope  with  adequate  phase  and  gain  margins.  In 
summary,  the  roll  and  heading  closures  show  little  differences  for  a3 3 
N&a  cases,  and  good  closure  can  be  achieved  except  for  the  low  dc  gain 
problem  in  the  two  extreme  N$a  cases . 

Using  these  closures  and  the  corresponding  gust-numerators,  the 
calculated  error  performance  to  side  gusts  given  below  does  reflect  the 
rating  changes .  This  "correlation"  is  consistent  with  previous  analyses 


SUMMARY  OF  RESULTS  ON  Nga  EFFECTS 
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RUDDER  CONTROL 
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PR 

0.75 
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0.32 
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.-7). 3 

0.12 
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-0.75 

-1.13 

0.26 
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(e.g..  Ref.  20)  where  degraded  error  performance,  a  ,  was  indicative 
of  the  poorer  ratings.  However,  in  the  present  instance  this  is  but 
one  facet  of  the  total  piloting  problems  revealed  by  the  totality  of 
analyses  conducted. 
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Figure  50.  Attitude  Regulatory  Closure  with  Rudder 
for  High  Proverse  Yaw  and  Pilot  Rating  of  6-1/2 
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o  s(s  ♦  .42)(s  +  3.0) 

(s-13.3)2 

(s  +  I3.3)2 


Figure  51 .  Heading  Closure  with  Rudder 
for  N5a  =  0  and  Pilot  Rating  of  3-1/2 
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<f>  Lg0(s+.24)(s+3.l) _ 

%  "  (s+2.97)(s+4.23)[s2-*-2(4l)(40s+(4l)2] 


V=  KP*(s  +  IO) 


(s-13.3)2 

(s+13.3)2 


± 

% 


A,j,(s+.054) 

<£-—SA  s(s+.29)(s  +3.1) 
(s-13.3)2 


YP*  -  KP*  (s  +  13.3)2 


Figure  52.  Heading  Closure  with  Rudder 
for  Low  Adverse  Yaw  and  Pilot  Rating  of  3-1/2 
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Figure  53.  Heading  Closure  with  Rudder  for 
High  Adverse  Yaw  and  Pilot  Rating  of  6-1/2 
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2)  =  0,  L§r  variable.  For  the  cases  of  N5a  =  0  and  L5r 

variable  the  resulting  closures  were  found  to  be  identical  to 
Fig.  51  for  all  cases,  i.e.,  the  effects  of  L5r  on  the  closures 
were  negligible  (see  Appendix  F) .  For  example,  closure  of  the 
inner  aileron  loop  easily  brings  the  adverse  Ngr  zeros  in  the  right- 
half  plane  into  the  left-half  (stable  plane)  through  the  favorable 
low-frequency  lead  provided  by  the  coupling  numerator.  The  closures 
are  therefore  essentially  the  same  as  those  presented  in  Fig.  51 
where  %  =  Lg  =0.  Also  the  gust  performance  (a^/ov  )  for  rudder 

control  toes  not  change  with  Lg,r  and  the  associated  rating  change. 

In  short  there  is  no  noticeable  effect  of  on  the  gust  regulation 
problem.  The  rating  degradation  is  possibly  due  to  maneuvering 
problems  which  are  considered  next. 

b.  Maneuver  Control 


The  maneuver  control  aspects  considered  in  the  following  are 
specifically  related  to  heading  control.  Heading  control  problems 
are  traceable,  in  part,  to  basic  changes  in  the  vehicle  dynamics  as 
speed  is  reduced;  i.e.,  the  effective  decoupling  of  the  lateral/ 
directional  axis  due  to  loss  in  directional  stiffness,  Nv-  This  of 
course  implies  the  inherent  destruction  of  aileron  heading  control 
unless  the  pilot  uses  the  rudder  either  to  augment  the  directional 
stiffness  or  to  provide  equivalent  coordination.  Rudder  and  aileron 
cross- coupling  effects  complicate  such  control  situations.  The 
results  of  Ref.  25  are  analyzed  here  to  provide  a  detailed  under¬ 
standing  of  the  piloting  problems  involved. 

1 )  Aileron  Only.  If  the  pilot  does  not  utilize  a  coordination 
structure  and  attempts  turning  or  heading  changes  using  the  ailerons 
only  in  the  manner  of  the  sketch  below  the  outer  loop  heading  control 
has  a  restricted  bandpass  due  to  aileron  yaw.  This  bandpass  (i.e., 
crossover  frequency)  restriction  is  due  to  the  effect  of  negative  Ng>a 
(adverse  yaw)  on  the  numerator  factor,  l/Tq^,  when  Ny  =  0  or 
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when  Nv  >  0,  i.e.,  l/T^  decreases  with  increasing  negative  N§  . 

Table  VII,  the  results  of  detailed  analyses,  shows  the  bandpass 
restrictions  as  a  function  of  negative  N5a.  The  large  adverse  yaw 
case  (i.e.,  Nga  =  -0.75)  produces  a  complex  pair  in  the  r/Sa  numerator; 


TABLE  VII 

EFFECT  OF  AILERON  COUPLING  ON  HEADING  PERFORMANCE 


AILERON  YAW 

p  , 

rad/sec  / in. 

PREDICTED 
HEADING  BANDPASS 

% 

rad/sec 

PILOT 

RATING 

0 

oAo 

3-1/2 

-0.2 

0.30 

3-1/2 

-o.5 

0.1 

6-1/2 

(PIO) 

-0.75 

Unstable 
(Reversal  in 
heading) 

>  6-1 /2 

( Uncontrollable ) 

and  the  heading  loop  can  no  longer  be  closed  by  moving  the  stick 
in  the  direction  of  intended  turn,  i.e.,  Kp  =  positive.  The  root 
locus  gain  being  negative  (N$_)  consequently  results  in  the  aperiodic 
instability  shown  in  the  sketch  below.  We  may  presume  that  the 
restricted  bandpass  and  unstable  control  attending  aileron-only 
usage  will  force  the  pilot  to  use  the  rudders  to  improve  the  heading 
response . 

Kp^Ar/5a[  s2  +  2££o£s  +  c42]  (s  +  l/Tp) 

[s2  +  2^a>4s+a42](s  +  l/T^)(s  +  l/T^) 


Jl  = 

te 


“d  X 


jw 


X 
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2)  Aileron  with  Rudder  Coordination.  For  these  analyses  it  is 
most  informative  to  consider  cases  involving  both  NBa  and  Lgr  since 
pilot  comments  describing  the  vehicle  behavior  indicate  PIO  condi¬ 
tions  when  both  coupling  terms  become  large  (-e.g.,  Fig.  49).  Due  to 
the  symmetry  of  Fig.  4-9,  it  is  not  necessary  to  explore  all  combina¬ 
tions  of  Ng  and  LB  .  This  is  true  also  because,  and  is  a  reflection 
of  the  factathat,  Nsa  and  L§r  appear  as  a  product  in  the  coupling 
numerators  and  in  the  rudder  required  for  coordination.  Although 
both  signs  of  Lg  are  used  in  the  analyses  to  follow,  Lgr  >  0  presents 
a  more  difficult  task  in  turns  out  of  wind  than  L5r  <0.  For  example 
note  that  from  the  generic  root  locus  plot  for  the  numerator,  Ngr, 
sketched  below,  that  the  zeros  are  in  the  right  half  plane  for  L5r  >  0. 
An  attempt  to  coordinate  the  vehicle  with  rudders  under  such  circum¬ 
stances  may  lead  to  a  destabilizing  condition  regardless  of  what  Nga 
is  because  the  p  -»-5r  closure  drives  toward  this  zero.  Another 
reason  l£r  <  0  was  not  as  difficult  as  Lgr  >  0  was  due  to  the  wind 
simulation  previously  discussed.  Because  the  mechanization  of  wind 
was  independent  of  the  vehicle's  side  velocity,  the  rolling  moment 
generated  due  to  Ly  (i.e.,  U0  sin  \|r)  when  the  pilot  puts  in  a  rudder 
deflection  cancelled  the  rolling  moment  due  to  L5r5r  and  resulted  in 
no  ground  translation.  Without  any  movement  over  the  ground  the 
pilot  naturally  assumed  there  was  no  sideslip  and  therefore  did  not 
need  to  move  the  ailerons .  In  a  true  wind  this  would  not  be  the  case 
since  some  bank  angle  would  be  required  to  produce  the  slip  necessary 
to  overcome  the  side  force  due  to  the  wind. 


(High  Frequency) 


Sketch  of  the  Zero  Locus  for 
-gL5  Nr/Y5 

nS  =  i  +  — - - 

s(s-Lp)(s-N5rU0/YBr) 
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The  consequence  of  the  large  control  coupling  terms  (i.e.,  Nga 
and/or  l6r)  can  be  vividly  illustrated  by  considering  the  ability 
to  coordinate  the  vehicle  in  the  given  situation  (e.g.,  in  the  wind 
or  during  a  turn  maneuver) .  The  turn  maneuver  coordination  task  is 
illustrated  in  the  block  diagram  below  as  a  closed- loop  situation, 
in  which  sideslip,  p,  is  maintained  zero  with  the  rudder  and  the 
desired  heading,  \[r,  is  controlled  with  the  ailerons  through  a  series 
bank  angle  command  structure. 


The  auxiliary  p  5r  loop  closure  in  this  block  diagram  approxi¬ 
mates  the  pilot- coordination,  function,  and  modifies  1  /T<p  and  1  /Tqy, 
by  the  coupling  numerator.  Kg  g  .  This  changes  the  bank  angle  transfer 
function  to  a  r 

cp  9  P 

N&a  +  V^a&r 


as  seen  in  the  sketch  below.  The  coupling  numerator,  Ngag  ,  effectively 

identifies  the  consequences  of  the  Lg  coupling  term.  For  example  we 
note  that  r 


(WgaL5r  -  Lg  Ng  )UD 

S  —  N  +  - 7 - == - 77 - 7 - 

r  ^a  ^r  ®a^r 


For  the  case  in  question  where  Yg  =  — Yg  the  gain  of  the  coupling 
numerator  W^agr  changes  linearly  with  Lga  ( see  Table  IV  of  Appendix:  D ) . 
For  the  same  coordination  gain,  Kp^,  the  effective  gain  then  becomes 
larger  and  the  zeros  are  theref oreh  forced  more  toward  the  right  half 
plane.  Notice  that  the  coupling  numerator  inverse  time-constant  is 


N- 


9  P 

Sr^a 


r  -  KW 
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generally  large  (being  proportional  to  U0);  and  for  the  gain  levels 
appropriate  to  the  coordination  function,  it  exerts  a  negligible 
effect. 

Three  cases  were  analyzed,  assuming  the  foregoing  maneuvering 
structure.  These  were  negative  N§  ,  positive  I§r;  positive  N^, 
negative  L5r  both  reported  as  leading  to  possible  "PIO"  conditions; 
and  positive  Nga  and  Lsr  reported  as  "sluggish  turning  response." 

a)  Negative  Nsa  (Adverse)  and  Positive  Lgr  (Favorable). 

The  multiloop  closures  for  the  adverse  yaw  case  are  shown  in 
Figs.  54-58.  Figure  54  is  the  inner,  p  -►  5r,  coordination 
loop.  Because  the  level  of  adverse  yaw,  Nsa,  is  large,  a 
tigjit  closure  (i.e.,  high  gain)  of  this  loop  is  desired  and 
is  necessary  if  the  pilot  is  to  achieve  a  reasonable  heading 
closure  (\|r,  cp— »~5a)  bandpass  (i.e.,  =  0.3)  with  the 

ailerons.  As  this  loop  is  closed  at  higher  pilot  gains,  the 
open-loop  cp  — ►  Ba  zeros  (coupling  numerator  of  Fig.  55)  are 
moving  into  the  the  right  half  plane.  The  result  is  a  bank: 
angle  loop  (Fig.  56)  with  a  gain  restriction  to  avoid  instability 
in  cp  or  undue  limitations  on  \|r-loop  bandwidth  (Fig.  57).  The 
pilot  therefore  must  either  loosen  up  the  coordination  loop 
(i.e.,  settle  for  more  p  errors)  or  loosen  up  his  bank  angle 
loop  (i.e.,  allow  cp  to  vary  from  that  commanded)  or  loosen  up 
both.  Thus,  while  the  final  closure  of  Fig.  58  shows  that  the 
resulting  pilot  coordinated  heading  closure  achieves  the  desired 
0.30  rad/sec  bandpass,  the  system  is  gain-limited  by  the  lightly 
damped  roll  spiral  mode,  a^'g,  from  the  bank  angle  closure. 
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Figure  54.  Basic  Coordination  Loop,  Sideslip  Control  with  Rudder, 


Nga  =  -.5  rad /sec  /inch 
L§r  =  +.6  rad /sec2/ inch 

Coupling  Numerator 
<  +  YP/3  NSrSa 

Vp£  Nfr|o  _  KP/3(s~IQ)2  -,035(s  +  42) 

n|^  (s  +  IO)2  (s  +.087KS  +  3.2) 


Figure  55.  Effects  of  Sideslip  Closure  on  Attitude  Numerator 
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Figure  56.  Bank  Angle  Control  with  Rudder  Coordination, 


Nga  =-  .5  rad/sec2/inch 
Lgr  =  +.6  rad/sec2/inch 

Coupling  Numerator 

NS„  ♦  VNW. 

VNSr So  Kp^s-IO)2  _02  [s2+  2(-.35)(7.5)s  +  (7.5)2] 

N*  '  (s  + 10)2  (-.5)(s+4)(s-.22)(s  +  24) 

°0 

jw 
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Figure  58.  Coordination  Control  with  Large  Adverse  Control  Cross  Coupling  Terms ,  and  L< 


Furthermore,  this  closed-loop  structure  exhibits  the 
familiar  PIO  syndrome.  That  is,  introducing  a  small  lag 
in  the  heading  loop  (e.g.,  smoothing  the  control  inputs), 
the  pilot  may  increase  his  gain,  which  correspondingly 
increases  the  heading  bandpass  ( see  sketch  below) .  With 


this  lagged  control  technique  (dashed  lines),  the  system 
is  stable  at  the  higher  gain.  However,  if  this  lag  is 
removed  while  retaining  the  higher  gain  setting,  the  \| t- 
loop  is  violently  unstable.  Thus,  while  the  relatively 
modest  performance  at  the  gain  levels  shown  would  warrant 
an  increase  in  gain,  the  system  is  susceptible  to  a  PIO 
if  the  pilot  tries  to  tighten  up  control  of  any  of  the 
loops . 


b)  Positive  Nga  (Favorable)  and  Negative  I§~  (Adverse). 


With  favorable  aileron  yaw,  the  PIO  tendency  is  very  apparent 
in  the  cp-loop  if  the  p-loop  is  closed  (see  Fig.  59).  Increasing 
the  (3-loop  gain  drives  Dutch  roll  poles  and  zeros  into  the  right 
half  plane.  To  have  a  stable  cp-closure,  p  must  therefore  be 
kept  loose. 


Without  the  Lsr  coupling  term, 
this  PIO  condition  would  probably 
not  exist.  The  main  effect  of  L§r 
is  to  modify  the  gain  of  the  cou¬ 
pling  numerator,  .  With 

L§  =0,  the  poles  in  the  sketch 
(zeros  of  cp/Sa]o  )  <3-°  no’*: 

become  complex  ‘and  therefore  do 
not  produce  the  destabilizing 
utnAhi  "effect"  in  the  bank  angle 
closure  that  is  responsible  for 
the  PIO  tendency. 
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Figure  59*  Bank  Angle  Control  with  Large  Proverse  Control  Coupling  Terms 


c)  Positive  N$a  and  L5r.  For  the  final  case,  where  both 
N§a  and  Lg  are  positive,  the  problem  is  a  sluggish  turning 
response.  In  order  to  turn,  it  is  necessary  to  establish  a 
bank  angle;  unless,  of  course,  the  vehicle  is  at  hover  with 
no  wind  where  a  pure  rotation  may  be  called  a  turn. 

Since  the  response  to  a  rudder  input  will  have  a  large 
roll  component  due  to  L5r  the  pilot  must  crossfeed  rudder 
to  aileron  to  get  a  relatively  "pure"  yawing  response.  That 
is,  to  make  the  net  rolling  moment  identically  zero,  the 
ratio  of  aileron  to  rudder  must  be  Sa/br  ~  -~L5r/Lsa.  For 
the  extreme  values  of  L$  tested,  this  ratio  is  greater  than 
one,  numerically,  which  imposes  severe  coordination  problems 
on  the  pilot’s  open-loop  use  of  the  rudder.  Furthermore, 
the  net  "pure”  yawing  moment,  assuming  perfect  cross  control 
(i.e.,  z-ero  roll  as  above)  is  given  by  N$r5r( 1  -  L$rN6a/L saN$r); 
similarly,  the  net  "pure"  rolling  moment  with  perfect  yaw 
cancellation  is  given  by  L§a5a(  1  —  l§rN5a/l$aN5r) .  The  cross 
products,  L$rN5a  and  L§a%r  thus  figure  heavily  in  the  net 
"pure"  control  power  available  about  each  axis;  and  positive 
values  (upper  right  and  lower  left  quadrants  in  Fig.  49)  can 
drastically  reduce  the  control  power  to  where  response  is 
considered  "too  sluggish." 

In  summary,  both  regulatory  and  command  tasks  employing  aileron  and 
rudder  control  show  the  consequence  of  changes  in  the  various  stability 
and/or  control  derivatives .  Regulatory  control  tasks  are  extremely 
sensitive  to  such  key  derivatives  as  Np  and  Nr;  and  pilot  ratings  appear 
to  correlate  reasonably  well  with  error  performance  merits  (i.e.,  cfy,  a  , 
ag,  etc.)  for  simple  dynamic  situations.  However,  for  complex  dynamics4^ 
(e.g.,  complex,  nonminimum  phase  zeros)  such  correlations  may  not  be  as 
conclusive.  In  these  cases  careful  inspection  of  the  experimental  con¬ 
ditions  and  pilot  comments  lead  to  the  additional  consideration  of  control 
structures  more  appropriate  to  maneuvering  control. 

Several  of  the  primary  piloting  difficulties  stem  from  the  derivatives 
No  and  Ip  as  they  affect  the  level  of  oscillatory  mode  frequency,  <x^. 

These  difficulties  which  imply  increased  pilot  workload  (i.e.,  in  terms 
of  compensation  needs)  and  rudder  control  usage  are  cited  below: 

a.  With  low  directional  stiffness  (i.e.,  Np  — 
the  lateral  oscillatory  mode  defined  by  Ip  and 
the  pilot  must  use  the  rudder  to  coordinate  turn 
maneuvers . 

b.  Large  directional  stiffness  (No  »  0)  increases 
the  gust  sensitivity  of  the  vehicle  and  tends  to 
compromise  the  effectiveness  of  the  rudder  control 
as  a  means  for  suppressing  the  resulting  heading 
disturbance. 


Ill 


c.  Where  large  aileron  and  rudder  cross -coupling  terms 
of  opposite  sign  are  present,  there  is  a  strong 
tendency  for  pilot- induced  oscillations  (PIO).  For 
®5a  an(^  ^6r  °f  "the  same  sign,  increasing  magnitudes 
produce  increasing  sluggishness  of  control  due  to 
the  effective  cancellation  of  available  control  power. 
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SECTION  V 


CONCLUDING  REMARKS 


The  results  of  the  studies  in  this  report  suggest  that  the  predominant 
effects  of  VTOL  stability  and  control  characteristics  on  handling  qualities 
are,  in  general,  closely  related  to  the  closed-loop  aspects  of  the  pilot/ 
vehicle  system.  This  overall  conclusion  is  clearly  reflected  by  the 
following  more  detailed  conclusions  drawn  from  the  data  and  analyses 
presented  in  the  text. 

A.  PRELIMINARY  LATERAL  HOVER  DYNAMICS  REQUIREMENTS 


The  fundamental  dynamic  requirements  for  lateral  hover  control  are 
essentially  the  same  as  those  for  the  longitudinal  mode.  These  require¬ 
ments  were  derived  from  the  correlations  and  study  of  available  experiments, 
and  confirmed  by  the  predicted  closed-loop  pilot  control  functions  and 
desires.  These  generally  applicable  (i.e,,  for  conventional  vehicles, 
too)  closed- loop  desires  are  not  summarized  here  (see  Ref.  1)  but  they 
do  provide  a  fundamental  basis  for  expressing  the  requirements  in  terms 
of  the  open-loop  airframe  dynamic  factors,  as  summarized  below. 

1 .  Basic  Dynamic  Requirements 

Basic  dynamic  requirements  for  satisfactory  manual  control  in  hover 
which  cover  conventional  VTOL  characteristics  plus  angular  rate  or  position 
feedbacks  are: 

a.  Lateral  oscillatory  mode  £  0.5  rad/sec 

1 )  Oscillatory  mode  damping;  >  0,  or 

_ 1 

2)  Roll  subsidence  mode;  1  /Tr  >.  1  .25  sec 

b.  Lateral  oscillatory  mode;  >  0.5  rad/sec 

l)  Oscillatory  mode  damping;  >  0.3 

Note  that  the  above  form  of  specification  does  not  include  the  detailed 
effects  of  some  combinations  of  gust  sensitive  aerodynamic  derivatives 
or  control  system  dynamics,  as  partially  covered  below. 

2,  Control  System  Aspects 

The  effects  of  translational  control  coupling  terms  (e.g.,  or  Yg) 
were  found  to  be  generally  detrimental  to  manual  attitude  control.  How¬ 
ever,  a  potential  improvement  in  hover  control  can  be  achieved  with 
proper  tailoring  of  the  vehicle’s  angular  and  translational  damping 
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Mq  and.  X^  "terms).  This  is  a  consequence  of  the  migration  of 
hover  numerator  terms,  l/T^  or  l/T9l,  into  the  right  half  plane  (i.e., 
nonminimum  phase  zero)  caused  "by  the  relation  between  the  control  trans¬ 
lation  term,  Xg  or  Y§,  and  the  speed  stability  terms,  or  L^. 

The  "effective"  system  lags  due  to  physical  limitations  in  the  flight 
control  system  tend  to  degrade  manual  control  if  the  ratio  of  the  lag 
break  frequency  to  the  Dutch  roll  frequency  is  less  than  10:1  (i.e., 

>10)-  I’ or  other  nonlinearities  such  as  control  system  backlash, 
threshold,  or  actuator  velocity  saturation,  the  basic  vehicle  dynamics 
should  be  stable  to  avoid  divergent  pilot/vehicle  limit  cycles. 

B.  LATERAL/DIRECTIONAL  CONTROL  IN  TRANSITION  AND  LON  SPEED  FLIGHT 


The  lateral  control  problem  in  transition  is  analogous  to  the 
longitudinal  problem  in^  that  the  multiloop  aspects  of  manual  pilot 
control  are  dominant.  Control  of  bank  angle  with  the  aileron  as  an 
inner  loop  is  usually  essential  for  heading  control^  and  one  of  the 
primary  uses  of  the  rudder  is  to  coordinate  aileron  turn  maneuvers 
(i.e.,  ij/,  cp  »-5a)  when  the  directional  stiffness  is  low  or  the  level 
of  aileron  adverse  yaw  is  high.  A  secondary  task  for  rudder  control 
is  the  regulation  of  heading  disturbances .  Here-  quantitative,  generally 
applicable,  requirements  are  not  too  clear-cut.  The  basic  considera¬ 
tion  as  indicated  by  the  analyses  presented  is  the  achievement  of 
reasonably  good  gust  suppression  ( cfy/oy  low )  with  moderate  pilot  effort 
( aS/°ygloy )•  Use  of  the  rudder  by  the  pilot  either  as  a  means  of 
coordinating  the  vehicle  during  turn  maneuvers  or  to  suppress  yaw 
disturbances  is  strongly  affected  by  the  relation  between  yaw  damping, 

Nr }  snd  directional  stiffness,  Ny  or  No.  The  basic  requirement  for 
good  heading  control  is  that  the  outer  heading  loop  crossover  frequency, 
up  (without  pilot  lead),  be  greater  than  about  0.3  rad/sec  (e.g., 

Refs.  20,  21 ) .  For  simple,  uncomplicated  dynamics  (e.g.,  minimal 
roll-yaw  coupling  terms)  this  requirement  reduces  (see  Ref.  20)  to 

or  l/T®i  >  0.40.  For  control-cou.p3.ed  cases,  i.e.,  large  aileron 


cpi 


yaw  and  rudder  roll,  it  may  be  impossible  to  achieve  odc  1  0.3  without 
exciting  PIO.  In  any  event  the  above  simple  criterion  on  £  u.  ,  l/T, 
is  no  longer  applicable  and  more  detailed  study  of  the  situation  is 
required. 


C.  CONSIDERATION  OF  FUTURE  EXPERIMENTAL  PROGRAMS 


Because  of  the  evidence  gained  from  the  analyses  of  this  report  and 
those  of  Ref.  1,  it  now  appears  that  the  control  problems  underlying 
handling  qualities  ratings. can  be  recognized  by  pre-experimertal  closed- 
loop  analyses.  Basically,  the  feasibility  of  such  an  approach  is  due  to 
the  fact  that  a  c ompat ib 1 e  set  of  closure  rules  have  now  been  evolved 
which  encompass  both  longitudinal  and  lateral  control  problems 0  Thus, 
it  is  possible  to  search  for  crucial  situations  and  cite  the  probable 
reasons  for  the  expected  piloting  problem.  From  an  experimental  design 
viewpoint,  it  is  obvious  that  such  a  procedure  can  minimize  the  number 
of  experimental  points  and  configurations  necessary  for  a  pilot  evaluation. 
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APPENDIX  A 


PILOT /VEHICLE  ANALYSES  FOR  LATERAL  HOVER 


INTRODUCTION 


The  basic  lateral  mode  dynamic  requirements  presented  in  Section  II 
have  been  substantiated  from  pilot/vehicle  analyses.  This  appendix  sum¬ 
marizes  these  closed-loop  analyses  and  the  VTOL  dynamic  characteristics 
reviewed  in  developing  the  requirements.  The  major  portion  of  these 
dynamics  were  assembled  from  the  documented  experiments  in  Refs.  2-10. 

Approximately  50  detailed  pilot/vehicle  closed-loop  analyses  and  more 
than  50  closed-loop  survey  sketches  were  made  during  the  studies.  These 
closures  considered  the  multiloop-attitude/lateral-position  hover  task  for 
a  broad  range  of  aerodynamic  properties  and  transfer  functions  which  include 
both  satisfactory  and  unacceptable  handling  qualities  levels.  A  complete 
listing  of  these  dynamics,  transfer  function  factors,  and  pilot  ratings 
are  included  for  reference.  However,  it  is  neither  worthwhile  nor  practi¬ 
cal  to  include  each  detailed  closure  analysis.  Therefore,  we  include  here 
selected  case  studies  which  exhibit  the  analytical  details  of  the  closed- 
loop  treatment  and  substantiate  key  handling  quality  aspects  and  dynamic 
requirements  of  Section  II. 

The  appendix  starts  with  a  brief  review  of  the  available  open-loop 
VTOL  dynamic  characteristics  culled  from  the  references.  These  charac¬ 
teristics  are  separated  into  three  controlled  element  forms  encompassing 
conventional  helicopter  dynamics  plus  various  levels  of  attitude  and  trans¬ 
lational  augmentation.  The  pilot /vehicle  closure  aspects  are  discussed 
next  with  the  detailed  system  surveys  (i.e.,  root  locus  and  Bode  frequency 
response  diagrams'!  shown  for  the  example  cases.  The  pilot's  describing 
function  used  in  these  studies  is  described  as  a  prelude  to  the  latter. 

OPEN-LOOP  AIRFRAME  DYNAMICS 

The  lateral  hover  mode  dynamics  selected  for  the  closed-loop  analyses 
are  shown  in  Tables  A-I,  A- II,  A-III,  A-IV,  and  A-V.  The  selection  of 
these  configurations  is  based  on  the  identification  of  the  boundaries  for 
satisfactory  and  unacceptable  dynamics  characteristics  shown  in  Table  I 
of  Section  II.  The  characteristics,  in  the  tables  encompass  a  range  of 
attitude  dynamic  characteristics,  N5/A,  which  represent  three  types  of 
augmentation  systems: 

1.  Conventional  and  simple  attitude  rate  feedback  — 

Lp  augmentation — Tables  A-I,  A-II,  and  A-III 

(1/Te  <  1/Tr)- 

2.  Attitude  position  feedback  —  Lq,  augmentation  — 

Table  A-IV  (l/Tg  >  1/Tr). 


A- 1 


3.  Translational  or  lateral  position  rate  feedback  — 

Yv  augmentation  —  Table  A-V  (Yv  »  Lp  and  1 /Tr  1  Yv). 

The  remaining  data  used  in  this  study  are  listed  in  Tables  A- VI, 

A- VII,  and  A- VIII.  These  dynamic  characteristics  were  used  to  isolate  the 
important  aerodynamic  parameters  and  to  identify  the  boundaries  for  satis¬ 
factory  (3  <  PR  <  4)  and  unacceptable  (6<PR<7)  handling  qualities  levels. 

TABLE  A- I 

OPEN-LOOP  PARAMETERS  FOR  SELECTED  CASES 
(Ref.  4) 
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OPEN-LOOP  PROPERTIES  FOR  VTOL  CONFIGURATION  WITH  ATTITUDE  RATE  AUGMENTATION  (1/Te  <  1/Tr) 
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TABLE  A- III 

CATEGORY  I  (l/Tg  <  1/Tr)  ATTITUDE  RATE  AUGMENTATION  SYSTEM  (Ref.  2) 
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Note:  Category  I  (l/TE  <  l/TR)  is  assumed  on  the  basis  that  1 /Tr  =  ygly  and  l /Te  =  L^/Lp. 
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CATEGORY  II  ( 1 /Tfi  >  l/TR)  ATTITUDE  AUGMENTATION  SYSTEMS 

(Ref.  2) 
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OPEN-LOOP  PROPERTIES  FOR  VTOL  CONFIGURATION  WITH  TRANSLATIONAL  AUGMENTATION  (Yv>Lp) 
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CONVENTIONAL  LATERAL  DYNAMIC  CONFIGURATIONS 
Source:  A'Harrah  and  Kwiatkowski,  Ref.  7 
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*Note:  An  interchange  of  the  Yv  for  the  Lp  derivative  in  the  characteristic  equation, 
s(s +Yv)(s +Lp)  +  gLy  =  0,  change sn he  controlled  element  form  to  the  effective 
translational  augmentation. 
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CONVENTIONAL  LATERAL  DYNAMIC  CONFIGURATIONS 
Source:  Breul,  Ref.  4 
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Control  saturation  due  to  gust  level  (i. 


LATERAL  DYNAMIC  CONFIGURATIONS 
Source:  Miller,  Ref.  2 
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Before  considering  the  closed-loop  aspects,  a  few  additional  comments 
on  the  open-loop  dynamics  and  the  source  of  the  data  in  the  tables  are 
worthwhile . 

Conventional  and  Simple  Rate  Augmentation  Systems 

The  conventional  low  Yv  dynamic  cases  of  Table  A-I  are  normally  asso¬ 
ciated  with  VTOL  or  helicopter  aircraft  and  were  considered  an  example  of 
conventional  helicopter  characteristics.  The  satisfactory  cases  exhibit 
a  lower  Dutch  roll  frequency  and  a  smaller  value  of  negative  damping  ratio 
compared  to  the  unacceptable  case.  This  is  because  Ly  is  smaller  and  the 
damping  is  greater,  i.e.,'a^[  =  -^glrv/Lp  *  ~  Yv/2o^. 

The  reason  for  selecting  the  configurations  of  Table  A- II  from  Ref.  7 
was  the  level  of  the  static  lateral  stability  term,  Ly.  Here  Ly  is 
0.16  rad/sec2/fps  for  all  configurations.  This  Ly  is  the  highest  level 
tested  of  all  the  experiments  reviewed.  By  using  this  extreme  Ly  value, 
we  are  able  to  explore  conditions  which: 

1 .  Have  the  highest  level  of  Ly  rated  as  satisfactory 
from  any  source. 

2.  Provide  a  basis  for  comparing  the  effectiveness  of 
attitude  and  translational  damping  augmentation 
schemes  for  large  lateral  speed  stability  levels. 

Configurations  in  Table  A-II  are  classified  as  having  conventional 
helicopter  dynamic  characteristics  plus  Lp  augmentation  simply  because 
the  attitude  damping  term,  Lp,  is  much  greater  than  the  corresponding 
translation  term,  Yy  However,  this  translational  term,  Yv,  which  is 
approximately  1  for  both  satisfactory  configurations,  is  somewhat  larger 
than  would  be  expected  for  a  helicopter  or  VTOL.  As  a  result,  the  numera¬ 
tor  term  l/Tq^  and  are  almost  equal.  This  relation  causes  cp/6  response 
not  only  to  be  stable,  but  also  to  exhibit  a  moderate  degree  of  attitude 
stiffness.  These  features  are  indicated  respectively  by  the  gain  and 
phase  characteristics  shown  in  the  cp/8  Bode  diagram  of  Fig.  A-1.  It 
will  be  shown  later  that  the  above  dynamic  features  tend  to  reduce  the 
required  pilot  compensation,  but  adversely  affect  the  closed-loop  attitude, 
cp,  response  to  gust. 

Attitude  Stabilization  Systems 

Block  diagrams  representing  the  vehicle  with  attitude  and  rate  feedback 
are  shown  in  Fig.  A-2.  Based  on  the  relation  of  l/Tg  to  1 /Tp,  the  augmented 
vehicle  exhibits  either  the  increased  stiffness  associated  with  an  “attitude" 
system  or  basically  a  rate  output  for  a  step  stick  command  (see  Fig.  A-3). 
When  related  to  the  frequency  domain,  or  Bode  diagram,  these  definitions  are 
clearly  shown.  Where  the  mid- frequency  open-loop  Bode  feature  is  a  K/s 
region,  the  system  is  defined  as  a  rate  system,  although  it  may  contain 
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Figure  A-1.  Large  Yy,  Attitude  Rate  Augmentation,  cp/Sa 
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Figure  A-2.  Attitude  Augmentation  Block  Diagram 
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Figure  A-3.  Classification  Scheme  for  Attitude  Augmentation  System 


attitude  feedback  compensation.  An  attitude  system,  on  the  other  hand,  has 
a  flat  region  in  the  Bode  form.  This  system  may  also  contain  rate  feedback. 
Figure  A-3  shows  the  Bode  features.  The  ratio  of  attitude  to  attitude  rate 
feedback  gains  (K<p/K<p)  (i.e.,  1/Te  =  K<p/K<p)  determines  which  category  a 
given  attitude  augmentation  level  fits. 


UARL  Lateral  Attitude  Stabilization  Study  (Ref.  2).  The  UARL  augmenta¬ 
tion  did  not  contain  K<p,  only  an  increased  Lp  value.  If  this  Lp  is  assumed 
to  be  Kq),  then  a  value  for  l/Tr  based  on  a  realistic  basic  value  of  Lp  must 
be  sought  for  purposes  of  classifying  the  systems.  From  the  approximate 
factors  of  Ref,  37  we  note  that 


when 


Tr 


hp  Yv 

4 


>  1 


For  the  magnitudes  of  gLv  used  (e.g.,  0.333  and  1.0) 


(since  Yy  and  Lp  are  usually  small,  we  can  neglect  the  Yy  component  and  assume 
Lp  is  zero).  Using  this  "basic"  value  of  l/Tr,  the  relationship  between 
1/Te  and  1 /T is  then  determined. 

The  UARL  attitude  stabilization  studies  covered  the  range  of  attitude  and 
rate  augmentations  as  shown  in  Tables  A-III  and  A- IV,  when  divided  into  the 
two  categories  of  l/Tg  <  VTrBASIC  (i-e->  1 /TrBASIC  ^  v/s^v)  and 
1/Te  >  1/TrBASIC* 

Category  II  Systems,  1/Te  >  1/Tr  (Refs.  9  and  26 ).  With  no  aerodynamic 
derivatives  the  vehicles- tested  in  the  Boeing  and  NASA  reports  (Refs.  9  and 
26) reduced  to  inertial  bodies  where  cp/5  =  K/s^.  Rate  and  attitude  feedbacks 
were  then  used  to  provide  stabilization.  The  characteristic  equation  is 
given  by 


+  Kq)L5 


“n 
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5 


Hence 


%  =  VLSKq> 


Since  l/Tp  =  0,  obviously  l/T^  >  l/Tp.  These  are  therefore  true  attitude 
or  Category  II  systems  as  indicated  in  the  Bode  plots  of  Fig.  A-k. 

For  the  low  stiffness  conditions  where  opn  is  small,  attitude  feedback 
(Kj  is  small,  there  is  a  high  amount  of  bank  angle  for  a  given  stick 
input  and  the  dominant  response  approaches  that  of  a  K/s2  or  inertial 
body  system  in  the  desired  region  of  crossover. 

Salmirs,  Ref.  27.  In  a  flight  test  experiment  on  a  single  rotor 
helicopter  performed  by  Salmirs  (Ref.  27),  an  attitude  stabilization  sys¬ 
tem  was  evaluated  while  flying  low- speed  instrument  landing  approaches. 

The  helicopter  configuration  used  for  comparison  supposedly  possessed  good 
basic  flying  qualities.  The  attitude-to-rate  feedback  ratio  (l/Tg)  was 
quite  small  and  therefore  did  not  greatly  improve  the  overall  system. 

Figure  A- 5  is  the  open-loop  Bode  plot  for  the  basic  and  estimated  augmented 
vehicle.  The  exact  augmentation  was  not  derivable  since  the  ratio  of  stick 
angle  to  stick  displacement  was  not  given.  The  estimated  values  were 
assumed  based  on  an  effective  stick  gain. 

The  value  of  Lp  was  given,  but  the  other  aerodynamic  derivatives  were 
taken  from  Ref.  37  for  the  H-24,  a  similar  vehicle. 

The  pilots  reported  a  significant  decrease  in  concentration  required, 
although  only  a  small  general  improvement  in  the  roll  axis.  As  can  be  seen 
from  the  figure,  the  basic  system  was  made  stable  by  the  attitude  feedback 
(1/Te  <  1/%);  but  the  frequencies  were  only  slightly  changed. 

Translational  Augmentation  Systems 

The  large  Yv  data  from  the  fixed-base  experiments  conducted  by  A'Harrah 
(Ref. .  7  )  is  considered  representative  of  effective  translational  augmentation. 
In  this  case  the  lateral  dynamics  are  defined  approximately  as 


1/Tr  =  ~Yv  311(1  1/Tcp-,  =  VtR 
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Figure  A-4.  Attitude  Response  Features  for  Category  II  (l/Tg  >  l/Tp)  Systems 
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Figure  A-5.  Comparison  of  Helicopter  Attitude  Loop  Dynamic 
with  and  without  Attitude  Stabilization  (Ref.  ZJ )j  cp  5a 


The  cp/S  dynamic  characteristics  for  a  satisfactory  handling  quality  level 
are  given  in  Fig.  A- 6.  Again,  since  the  attitude  numerator  zero  l/Tq>-|  and 
the  aperiodic  mode  1 /Tp  are  approximately  equal  to  Yy,  these  terms  cancel 
in  the  cp/5  response  and  the  Bode  diagram  has  the  appearance  of  a  low  fre¬ 
quency  attitude  system. 


pilot/vehicle  closed-loop  considerations 

The  basic  closed-loop  control  envisioned  for  the  lateral  hover  mode 
will  not  differ  from  that  assumed  for -the  longitudinal  analyses  in  Ref.  1, 
primarily  because  the  effective  controlled  elements  involved  are  the  same. 
Therefore  the  brief  review  of  the  pilot  model  and  control  structure ,  which 
is  presented  here  for  continuity,  is  governed  by  those  concepts  previously 
noted  for  the  longitudinal  analyses. 


Pilot  Model 

The  primary  task  in  the  hover  mode  is  to  control  lateral  deviations . 
frcm  a  point  on  the  ground  or  along  a  path.  As  shown  below,  this  task . is . 
normally  accomplished  by  controlling  roll  attitude,  cp,  and  lateral  deviation 
from  the  path,  y,  with  the  control  stick,  5.  Implied  by  this  control 
structure  is  a  multiloop  control  technique  in  which  the  pilot  functions 
in  series .  Thus  the  pilot  is  concerned  with  both  the  inner  attitude  loop 
dynamics  as  well  as  the  outer  position  loop  features. t 

The  closed-loop  system  represented  by  a  series  closure  is  therefore  one 
in  which  the  pilot  directs  translation  by  reference  to  and  commands  of 
attitude .  The  block  diagram  below  shows  the  series  closure  and  definitive 
symbols  which  will  be  used  throughout  this  study.  The  underlying  reason 
for  this  more  complex  technique  is  the  fact  that  the  direct  closed-loop 
control  of  y  — 5  is  unacceptable  (i.e. ,  unstable )  and  this  deficiency 
can  be  corrected  by  the  additional  control  of  the  inner  loop. 


Phase  (deg)  Amplitude  (dB) 


o.l  1.0  ,  x  10.0 

u)  (rad/sec) 


Figure  A-6.  Effective  Translation  Augmentation, 
Yv  »  Lp  and  l/Tp  =  l/T<p  =  Yv 
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The  basic  closure  aspects  which  have  governed  the  present  analyses  are 
specifically:  (l)  the  pilot  model,  (2)  the  pertinent  multiloop  control 
structure,  and  (3)  the  adjustment  rules  for  the  pilot  compensation  require¬ 
ment  in  the  inner  and  outer  loop  (see  Ref.  l).  The  pilot  compensation 
requirements  which  will  be  discussed  here  are  those  associated  with  the 
quasi-linear  describing  function  form  of  the  crossover  model  which  rep¬ 
resents  the  overall  average  or  long-term  piloting  control  characteristics 
as  explained  in  Ref.  12.  Adaptation  by  the  pilot  is  assumed  to  take  place 
as  necessary  during  precision  hover  to  compensate  for  the  aircraft  dynamic 
deficiencies  and  to  achieve  acceptable  closed-loop  error  performance.  The 
basic  pilot  ratings  are  affected  both  by  the  extremes  of  such  adaptation 
and  the  resulting  performance. 

The  form  of  the  pilot  describing  function  adopted  for  these  analyses 
is  based  on  the  crossover  model  concept  described  in  Ref.  12  for  single¬ 
loop  control.  This  concept  is  extended  to  include  the  multiloop  control 
situations  in  Ref.  38.  The  pilot  describing  function  contains  only  lead 
equalization  and  a  time  delay,  i.e.. 


Yt 


Kn 


+ 


By  using  a  second-order  Pade/  approximation  for  the  delay  term,  Te,  this 
expression  becomes 


Kp(s~ VTe)2(s  +  1/gL) 

(s  +  k/-vef 


A  nominal  level  of  —O.k  sec  is  used  to  Te  to  approximate  the  effects 
of  the  neuromuscular  lag  ana  to  account  for  the  fact  that  the  pilot  is 
acting  in  a  multiloop  task. 

The  adjustment  miles  governing  the  pilot  selection  of  equalization 
depend  on  the  closed-loop  control  structure.  Basically,  in  the  present 
multiloop  situation  the  minimal  compensation  for  the  inner  loop  (attitude) 
is  lead  -equalization  to  cancel  the  adverse  phase  contribution  due  to  the 
aircraft  roll  subsidence  root,  1/Tr.  However,  the  underlying  rules  used 
for  selecting  the  inner-loop  equalization  are: 

1 .  To  achieve  an  inner-loop  crossover  frequency, 
one  >  2  rad/sec. 

2.  To  have  equalization  which  results  in  improved 
outer-loop  features  (i.e.,  oocy,  K^,  and  Cftyfor 

ay€)* 
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The  outer-loop  (position)  adjustment  rules  conform  to  the  basic  single¬ 
loop  requirements,  e.g.,  | YpYc |  are  made  approximately  -20  dB/decade  (i.e., 
K/s-like).  In  general,  as  a  result  of  the  attitude-loop  closure,  the  con¬ 
trolled  element,  YCx,  for  the  position  loop  (i.e.,  Yc  =  YP(#b/Af )  approaches 
K/s2.  Thus  lead  equalization  is  required  in  the  outer-loop  closures.  In 
addition,  to  equal  the  low  rms  position  error  performance  achieved  for  the 
precision  simulator  experiments  in  Ref.  2,  a  crossover  frequency  near 
ODc^.  =  1  rad/sec  is  necessary. 

Closure  Aspects 

Conventional  Lateral  Dynamics  —  Lateral  Side  Force  Low  (Yy  =  0).  We 

will  use  the  following  review  of  the  attitude  and  position  closures  for 
conventional  VTOL  dynamics  as  a  basis  for  comparison  of  the  less  conventional 
controlled  elements  (e.g.,  Lv  and  Yv  »  0)  and  augmentation  forms  which  will 
be  explored  in  this  study.  In  addition,  to  understand  more  clearly  the 
interactions  between  the  pilot f  s  compensation  needs  for  inner-  and  outer- 
loop  control,  a  comparison  is  made  of  the  effects  of  pilots  outer-loop  lead 
compensation.  The  position-loop  lead  effects  are  considered  in  some  detail 
here  since  the  previous  longitudinal  studies  (Ref.  1 )  concentrated  primarily 
on  attitude  control  aspects.  The  aerodynamic  characteristics  used  for  the 
two  examples  considered  here  are  taken  from  Table  A- 1  and  includes  a  repre¬ 
sentative  satisfactory  and  unacceptable  dynamic  example. 

Loop  Characteristics  —  Attitude  Loop.  Roll  attitude-loop  closures 
are  showi  in  Figs.  A- 7  to  A-B.*  The  pilot  lead  equalization  is  assumed 
to  cancel  the  real  aircraft  pole  (i/Tr). 

Both  configurations  shown  are  of  conditionally  stable  systems  being 
unstable  at  low  values  of  gain,  stable  in  some  intermediate  gain  range, 
and  unstable  at  high  values  of  gain.  This  aspect  is  clearly  illustrated 
by  the  two  180  deg  intersections  shown  in  the  phase  curve.  As  a  result, 
the  phase  margin  and  gain  is  a  maximum  within  the  stable  region.  Such 
nonminimum  phase  features  are  characteristic  of  systems  where  the  basic 
vehicle  is  unstable. 

Satisfactory  Case.  The  most  significant  closure  feature  of  the 
satisfactory  case  is  the  tolerance  of  the  system  to  changes  in  pilot 
gain  or  lead  compensation.  For  example,  we  see  in  Fig.  A-9  the 
effect  of  increasing  pilot  attitude  lead,  l/Tp^.  Increased  lead 
increases  the  crossover  frequency  and  the  maximum  phase  margin, 
all  .though  the  stable  gain  region  is  reduced.  With  1/Tr  =  0.2  rad 
the  stable  gain  region  is  still  on  the  order  of  dB,  which 
indicates  that  the  pilot  may  alter  gain  by  a  factor  of  approximately 
60  and  still  maintain  a  stable  closure.  This  relatively  large 
stable  gain  region,  coupled  with  an  increased  maximum  phase  margin 
and  crossover  frequency,  indicates  that  increasing  pilot  lead  for 
this  particular  case  will  result  in  an  overall  improvement  in  system 
performance. 


*Figures  A-7  through  A-l6  are  placed  after  page  A- 27. 
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Because  of  the  low  Dutch  roll  damping  ratio  and  the  corre¬ 
sponding  high  slope  of  the  phase  curve  in  this  region,  the  low 
frequency  180  deg  crossover  remains  relatively  unaffected  by  lead. 
The  low  frequency  boundary  of  the  stable  gain  region,  therefore, 
is  also  relatively  unaffected  by  lead.  Increasing  pilot  lead 
increases  the  frequency  of  the  high  frequency  180  deg  crossover 
point,  but  because  of  the  corresponding  increase  in  gain  the  net 
effect  is  to  displace  the  high  frequency  boundary  of  the  stable 
gain  region  so  as  to  slightly  decrease  the  magnitude  of  the  stable 
gain  region.  It  is  shown  subsequently  that  for  a  more  unstable 
controlled  element  (i.e.,  corresponding  to  poor  pilot  ratings), 
increasing  pilot  lead  beyond  a  given  value  is  detrimental  and 
reduces  the  magnitude  of  the  stable  gain  region.  It  can  be  con¬ 
cluded,  therefore,  that  for  the  satisfactory  case  the  pilot /vehicle 
attitude  control  system  has  a  relatively  wide  tolerance  to  gain  and 
phase  variations .  The  pilot  is  also  able  to  obtain  an  overall 
improvement  in  system  performance  by  adjusting  his  compensation. 
From  an  attitude  control  viewpoint,  the  ease  of  pilot  adjustments 
suggests  good  handling  qualities  for  this  configuration. 

Unacceptable  Case.  Attitude  closure  for  the  unacceptable 
example  is  shown  in  Fig.  A-8.  With  the  basic  value  of  pilot  lead 
(1/TLcp  =  1*703),  the  maximum  gain  and  phase  margins  are  much  reduced 
compared  with  the  satisfactory  case.  These  reduced  levels  of  gain 
and  phase  margins  are  a  consequence  of  the  higher  negative  damping 
ratio  and  increased  natural  frequency  of  the  basic  vehicle  Dutch 
roll  mode,  The  relatively  narrow  stable  gain  region  is  an 

indication  that  the  pilot /vehicle  system  has  much  less  toler¬ 
ance  to  gain  and  phase  variations  than  in  the  satisfactory  case. 

If  the  pilot  attempts  to  generate  lead  in  this  case  in  order  to 
improve  performance,  as  was  possible  for  the  satisfactory  case, 
the  loop  closure  characteristics  are  modified  as  indicated  in 
Fig.  A- 10.  The  crossover  frequency  and  maximum  phase  margin  have 
increased,  but  the  already  narrow  stable  gain  region  has  been 
reduced  to  12  dB.  As  pilot  lead  is  further  increased,  the  stable 
gain  region  reduces  rapidly  since  the  upper  and  lower  boundaries 
of  the  stable  gain  region  approach  each  other.  This  rapid  reduc¬ 
tion  of  the  stable  gain  region  with  increased  pilot  lead  can  be 
attributed  primarily  to  the  high  negative  damping  ratio  of  the 
basic  vehicle  Dutch  roll  mode. 

It  appears  that  the  only  possible  method  of  improving  the  system 
performance  in  this  case  would  be  for  the  pilot  to  reduce  his  neuro¬ 
muscular  lag,  t  (e.g.,  see  Ref.  l).  This  would  be  an  indication 
that  the  pilot  is  approaching  the  performance  limits  of  his  neuro¬ 
muscular  system.  Such  characteristics  suggest  that  since  the  sys¬ 
tem  tolerance  to  gain  and  phase  variations  is  very  limited,  and 
since  lead  generation  restricts  the  tolerance  to  gain  changes  even 
further,  then  the  pilot  would  have  a  poor  opinion  of  the  handling 
qualities  of  this  configuration. 
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Loop  Characteristics  —  Position  Loop.  In  the  final  multiloop 
closure  (y,  cp-— 6a),  compensation  requirements  of  the  position  loop 
must  be  considered  also.  Assuming  that  the  inner  attitude  loop  is 
closed,  the  effective  position  loop  may  be  expressed  generically  by 
an  effective  single-loop  transfer  function 


* 


(A—  1 ) 


where  typically  the  closed-loop  roots  are 


cu ,  =  3  rad/sec 


Lateral  posit ion- loop  closure  characteristics  with  and  without 
pilot  position  lead  (i.e.,  y  feedback)  in  the  outer  loop  are  shown  in 
Figs.  A- l 1  and  A- 12  for  the  satisfactory  and  unacceptable  dynamics 
respectively.  ’ 

In  the  satisfactory  case,  the  potential  closure  crossover  frequencies 
are  relatively  low  for  the  no-lead  case,  being  near  1 /T^  (see  Eq.  A-l). 
The  location  of  the  basic  vehicle  real  zero,  1 /T^ ,  near  the  origin  in 
the  attitude  loop  is  the  reason  for  the  low  crossover  frequency  in  the 
y-loop  and  the  low  value  of  Yv  accounts  for  this  location  of  the  vehicle 
real  zero.  When  the  attitude  loop  is  closed  with  a  gain  sufficient  to 
achieve  a  satisfactory  crossover  frequency,  a  closed-loop  pole  is 
generated  close  to  the  real  zero.  This  low  frequency  pole,  together 
with  the  pole  at  the  origin,  produces  a  low  frequency  complex  pole  pair 
when  the  outer  loop  is  closed.  This  low  frequency  complex  pole  pair 
limits  the  outer-loop  crossover  frequency. 

The  crossover  frequency  is  slightly  higher  for  the  unacceptable 
case  than  for  the  satisfactory  case,  indicating  that  the  crossover  of 
the  position  loop  improves  as  the  attitude  loop  deteriorates.  This 
is  because  the  real  closed- loop  pole  from  the  attitude  loop  is  located 
further  from  the  origin  in  the  unacceptable  cases.  This  is  a  conse¬ 
quence  of  the  higher  values  of  Ly  and  reduced  values  of  Lp  in  the 
unacceptable  cases  which  result  in  a  higher  frequency  (e  g 
)• 


p 

The  expression  (s  —  4/t©)  /(s+^/t©)  is'  "the  second-order  Pade  approxi¬ 
mation  for  the  pilot 1 s  effective  delay ,  Te*  after  the  closure. 


A- 24 


The  introduction  of  lead  compensation  (i.e.,  position  rate)  in 
the  outer  position  loop  has  two  primary  effects: 

1 .  Basic  pilot  adjustment  rules  outlined  in  Ref.  1 
are  fulfilled  (e.g.,  crossover  is  achieved  in  a 
K/s  region) . 

2.  The  closure  features  are  altered  and  the  attitude 
closure,  in  lieu  of  the  position  loop,  becomes 
the  factor  limiting  control. 


A  relatively  small  amount  of  pilot  lead  improves  the  outer-loop  performance 
substantially.  A  crossover  frequency  of  approximately  1  rad/sec  can  be 
achieved  with  Tp  =  1  sec  for  the  satisfactory  case,  and  Tp  =  0.4  sec  for 
the  unacceptable  case. 


The  fact  that  moderate  lead  improves  the  outer-loop  crossover  fre¬ 
quency  emphasizes  the  importance  of  the  inner- loop  closure.  Basically, 
lead  in  the  position  loop  is  generated  by  biasing  or  overdriving  of  the 
attitude  near  the  low  frequency  crossover,  o>cy  (i.e.,  9  lead  y  since 
y/cp  =  -g/s2) .  Thus,  to  enable  the  pilot  to  lead  position,  one  may 
envision  that  the  attitude  control  functions  must  be  well  separated 
from  the  desired  low  frequency  position  control  (i.e.,  coc  »  aoCx) . 
Likewise,  the  cp-loop  must  be  reasonably  well  damped,  t *  >>  0,  or  other¬ 
wise  these  two  control  operations  will  conflict.  Of  course,  the  above 
analogy  describes  the  piloting  functions  in  the  multiloop  situation  as 
more  or  less  separate  operations  which  occur  simultaneously,  but  at 
different  frequencies . 


From  a  more  analytic  viewpoint,  the  preceding  conclusion  may  be 
illustrated  by  the  sketch  on  the  following  page  of  the  open- loop  posi¬ 
tion  Bode  with  the  cp-loop  closed.  Notice  that  the  y-loop  bandpass  is 
reduced  by  the  lightly  damped  lateral  oscillatory  mode  of  the  attitude 
closure.  The  tradeoff  implied  by  this  tie  between  inner-  and  outer- 
loop  control  plays  a  key  role  in  pilot  opinion.  That  is,  as  the  pilot 
needs  an  increased  outer-loop  bandwidth  and  gain  for  tighter  position 
control  (e.g.,  for  control  under  lateral  gust-  conditions),  the  require¬ 
ments  for  inner-loop  bandwidth  and/or  damping  become  more  critical.  In 
any  case,  the  restricting  factors  may  be  expressed  as  a  function  of 
closed- loop  damping  of  the  attitude  loop,  since  cdc*  lies  between 
(for  1  /Tr  or  1 /Tby  close  to  ^c-y)  and-yfe^lo^  (for  T/Tr  — 0).  This  means 
that  the  requirements  for  attitude-loop  damping  will  be  partly  based  on 
the  outer  bandwidth  requirement.  We  note  also  that  the  position  band¬ 
width  needs  will  depend  on  the  gust  sensitive  lateral  side  force  parameter, 
Y  .  The  effects  of  the  side  force  parameter  on  gust  regulatory  control  is 
explored  later  in  this  appendix. 


0  dB  line 


Open-Loop  Position  Control, 
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Conventional  Lateral  Dynamics  —  Lateral  Side  Force  Large  (Yv  »  0). 

The  dynamic  characteristics  from  the  A'Harrah  experiments.  Table  A-II, 
which  were  considered  "conventional"  have  relatively  large  Yv  levels.  For 
the  present,  these  data  offer  the  best  clue  to  the  inferred  airframe  damping 
required  to  maintain  an  acceptable  outer— loop  to  inner-loop  bandwidth  (i.e., 
^cy/o^cg)).  Basically,  these  results  suggest  that  the  damping  ratio,  =  0.30, 
is  necessary  for  satisfactory  ratings  when  the  lateral  oscillatory  mode,  cm, 
is  greater  than  0.50  rad/sec. 

The  multiloop  control  structure  with  attitude,  cp,  as  the  inner  loop 
is  essential  in  these  satisfactory  cases  even  though  the  basic  vehicle  is 
stable.  For  the  inner-loop  closure,  the  minimal  compensation  required  is 
a  lead  approximately  equal  to  the  roll  subsidence  mode,  1/Tr.  Figure  A-13 
shows  the  attitude-loop  closure  with  the  lead  compensation  ( 1 /Tp  =  l/%) 
as  well  as  a  closure  without  lead.  It  is  evident  that  a  low  bandpass 
(cDCcp  <  2  rad/sec)  occurs  if  the  adverse  phase  contribution  from  the  roll 
subsidence  mode  is  not  cancelled  by  introducing  lead. 

Figure  A- 1  shows  the  position-loop  closure  for  the  preceding  attitude 
closure.  Note  that  a  phase  margin  requirement  in  the  inner  loop  is  not 
necessary  because  the  final  outer-loop  closure  tends  to  stabilize  the  Dutch 
roll  mode,  .  In  addition,  no  outer-loop  lead  compensation  is  necessary 
because  a  broad  K/s  crossover  region  has  resulted  from  the  attitude-loop  closure 
with  the  moderately  large  1  /Tc,^  zero. 

In  summary,  for  these  marginally  satisfactory  dynamic  properties,  the 
pilot  compensation  requirements  are  not  excessive,  even  though  a  multiloop 
control  structure  is  necessary  to  obtain  the  desired  outer-loop  bandpass 
(cdcx  =  1  rad/sec).  Primary  restrictions  on  the  closed-loop  control  are: 
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•  Low  attitude  regulatory  control  to  low  dc  gain  of 
attitude  closure. 

•  Lead  compensation  in  the  outer  loop  destabilizes 

the  closed- loop  Dutch  roll  mode,  <q,  and  lowers  the 

position-loop  bandpass  (e.g.,  toc  =  2^0)^) . 

*y 

Attitude  Augmented  Dynamics,  In  extending  the  pilot/vehicle  closed-loop 
considerations  to  the  attitude  augmentation  systems,  we  are  concerned  with 
the  closure  details  of  both  Category  I  and  II  systems.  Primary  discussion  is 
directed  at  Category  II  system  (i.e.,  1/Te>1/Tr)  because  Category  I  (i.e., 
1/Te<1/Tr)  and  conventional  VTOL  dynamics  are  similar  from  a  closed-loop 
viewpoint . 

Category  I  Systems  (l/Tfc;  <  1/Tr).  The  closure  characteristics  for 
an  unsatisfactory  ( i.e. ,  FR  =  5 . 0 )  Category  I  system  from  Table  A- III 
are  considered  first.  The  dynamics  shown  in  Fig.  A- 15  are  clearly  in 
the  "in-between"  area  and  were  selected  because  they  represent  the  tran¬ 
sition  region  between  Category  I  and  II  systems.  The  associated  closed- 
loop  piloting  difficulties  for  the  attitude-loop  closure  details  are 
illustrated  by  the  system  survey  in  Fig.  A-15.  In  this  rate  system  the 
level  of  1  /Tr  determines  the  moderate  lead  required  (i.e.,  1  /Tp  =  l/^R  = 

1 .79)  bo  achieve  the  attitude-loop  bandpass  near  3  rad/sec.  Without 
lead  there  is  a  restricted  bandwidth  (i.e.,  odc<3.0  rad/sec)  and  closed- 
loop  damping,  £*,  would  be  less  than  open- loop  damping  (see  solid  root 
locus  trace  on  the  figure).  When  lead  is  added  to  cancel  out  1 /Tr,  then 
the  closed- loop  characteristics  are  significantly  improved,  although  the 
closed- loop  situation  is  obviously  quite  sensitive  to  small  changes  in 
the  lead.  In  addition,  we  note  that  only  a  relatively  small  improvement 
in  the  dc  or  "broadband  gain"  level  is  possible  with  increased  lead  com¬ 
pensation.  This  infers  that  attitude  errors  under  gusty  conditions  may 
be  somewhat  large.  To  envision  this  latter  point,  note  from  the  sketch 
that  even  if  the  lead  is  increased  in  Fig.  A-15  such  that  l/Tp^Ao^,  the 
dc  and  effective  broadband  gain  region  is  relatively  unchanged,  thus  the 
low  frequency  attitude  errors  are  not  reduced. 


In  the  position  loop,  a  minimum 
lead  of  1  sec  must  be  provided  to 
ensure  a  K/s-like  crossover  region 
and  positive  stability  near  1  rad/sec 
(see  Fig.  A-l6).  The  damping  of  the 
attitude  closed- loop  oscillatory  mode 
tends  to  restrict  the  outer- loop 
bandpass  unless  this  damping  for  the 
Broadband  gain  region  inner-loop  exceeds  about  0.2.  In 

fact,  the  gain  margin  for  this  posi¬ 
tion  closure  is  set  by  the  inner-loop  damping.  This  closed-loop  damping 
level  is  closely  tied  to  the  basic  augmented  airframe  feedback,  since 
the  level  of  rate  damping  establishes  the  needed  pilot  lead  compensation 
(i.e.,  to  cancel  the  adverse  phase  contribution  of  1/Tr)  for  good  attitude 
bandpass. *  Thus  a  subtle  tie  between  inner-  and  outer-loop  bandwidths  is 
inferred.  This  aspect  will  be  more  clearly  illustrated  in  the  following 
discussion  of  Category  II  systems. 


*The  damping  of  the  bare  airframe  lateral  oscillatory  mode  is 
primarily  due  to  the  feedback  term  since  is  assumed  small. 
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Figure  A-7.  Roll  Attitude  Loop  Closure  for  Satisfactory  Dynamics  (PR  =  2.7);  cp 
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Figure  A-8*  Roll  Attitude  Loop  Closure  for  Unacceptable  Dynamics  (PR  =  7.3); 
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Figure  A-9*  Effect  of  Increased  Attitude  Loop  Lead — 
Satisfactory  Case;  — ^5a 
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Figure  A- 10.  Effect  of  Increasing  Attitude  Loop  Lead  — 
Unacceptable  Case 
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Figure  A— 11-  Lateral  Position  Loop  Closure,  Satisfactory  Dynamics,  y,  cp  — (with  and  without  Pilot  Lead) 


oO 

t 

0* 

>> 


A- 33 


Figure  A- 12.  Lateral  Position  Loop  Closure ,  Unacceptable  Dynamics, 

(with  and  without  Pilot  Lead) 


L»oKP*T^(8t.87)(»*l/T^)(»-|0) 

{*  ♦  3.6)(  $♦  10*)  [s2  ♦  2  (.144)0.2)  $  +  (1.2)*] 


Figure  A- 13-  Roll  Attitude  Loop  Closure  for  Large  Lateral  Side  Force  (Yv  »  0), 
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Figure  A- it.  Position  Loop  Closure  with  Large  Lateral  Side  Force  (Yv  »  0), 


Figure  A- 15-  Roll  Attitude  Closure  for  Category  I  System,  1 /Tg  <  1 /Tr, 
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Figure  A-l6.  Position  Loop  Closure  for  Category  I  System,  1 /te  <  1 /tr; 
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are  placed  following  page  A-4l . 


that  the  pilot  would  not  see  an  improvement  in  his  error  regulatory  capa¬ 
bility  even  with  the  increased  effort  involved  in  generating  a  low  fre¬ 
quency  lead.  However,  the  increases  in  attitude  lead  tend  to  increase  the 
closed-loop  damping  of  the  root  which  can  be  important  to  the  outer- 
or  position-loop  closure. 

The  position-loop  closure  shown  in  Fig.  A-l8  also  suggests  seme  control 
problems  because  the  position-loop  bandpass  is  restricted  due  to  the  low 
gain  margin.  The  low  gain  margin  is  due  to  the  combination  of  the  pilot’s 
attitude-  and  position-loop  leads  and  the  damping  of  the  closed-loop  root 
cp^.  Since  the  damping  of  this  root  is  a  function  of  the  inner-loop  lead 
(i.e.,  a  lower  frequency  lead  increases  the  damping),  the  pilot  can  not 
improve  the  outer-loop  bandwidth  beyond  that  shown  because  of  the  tie 
between  inner-  and  outer-loop  leads.  In  effect,  whether  he  induces  more 
inner-  or  outer-loop  lead  is  immaterial,  for  the  net  closed-loop  situation 
remains  essentially  unchanged.  Thus  the  pilot  is  faced  with  a  "boxed-in" 
situation  and  is  unable  to  improve  the  closure  if  the  need  arises  (e.g., 
an  increased  gust  disturbance  level).  Note  also  that  without  the  ability 
to  improve  the  attitude  damping,  he  is  highly  dependent  on  the  inherent 
vehicle  damping  level.  If  the  vehicle  damping  is  less  than  about  0.3 
then  the  piloting  control  situation  deteriorates. 

To  further  explore  the  above  point,  we  will  consider  potential 
closures  for  the  low  frequency  attitude  system  from  Ref.  9  which  are 
shown  in  Figs.  A-19  and  A- 20.  Here  three  inner- loop  closure  situations 
(i.e.,  attitude  loop)  are  explored,  including  a  lead  closure  and  closures 
with  lead  equal  to  or  greater  than  the  effective  time  constant  of  the 
lateral  oscillatory  mode  (i.e.,  1/034).  With  a  gain  closure  the  inner 
loop  is  restricted  to  a  crossover  <  2  rad/sec  and  closed-loop  damping, 

T'd  0*23*  With  this  closure,  outer-loop  lead  is  mandatory  as  indicated 
in  Fig.  A- 20  to  provide  a  stable  closure.  Note  also  that  the  inner  loop 
bd  =  0-25  restricts  the  usable  outer- loop  lead. 

By  adding  inner- loop  lead,  the  control  situation  is  improved  for  the 
attitude  loop.  These  improvements  are  summarized  below. 

1 .  Increases  cod  and  extends  the  K/ s  region  in  the 
position  loop. 

2.  Improves  damping  so  that  there  is  no  decrease  in  <n~ 
if  more  outer- loop  lead  is  added  ( d | G( jeo)  | /&jo  <  o)/* 

Increasing  the  inner-loop  lead  beyond  l/o>d  (i.e.,  to  1  /Tt,  =0.5)  does 
not  help  particularly  for  the  following  reasons: 

1 .  Closed- loop  damping  is  not  improved. 

No  significant  increase  in  coc  due  to  the  fact 
that  the  inner-loop  lead  is  nearly  cancelled  by 
the  pilot's  e  pole. 


2. 


3.  Outer-loop  lead  of  0.7  —1.0  is  still  necessary 
because  of  large  K/s2  region. 

4.  The  very  low  dc  gain  results  in  poor  error  control. 


Af  consideration  for  the  attitude  feedback  systems  (Category  II) 

we  note  that  as  attitude  feedback  gain  K<p  is  increased  to  bring  the  oscil-  ' 
latory  mode  frequency  to  values  greater  than  2  rad/sec,  the  pilot  may 
the  position  loop.  Thus  the  piloting  task  is  reduced  to  a 
.  g  “  °°?  Position  control  function.  Typical  position  closure  for  this 
situation  is  shown  m  Figs.  A-21  and  A-22  when  a**  is  3.25  and  5  rad/sec 
respectively.  In  each  case  -moderate  lateral  position  lead  near  1  rad/sec 

this'  t°prOT1Je  a  stabPe  crossover  near  1  rad/sec.  Leads  greater  than 

(  •  m{  ow^r  frequency)  expand  the  K/s-like  region  and  increase  the 
p  ase  margin  and  potential  crossover  frequencies.  With  the  stabilized  air- 
craft  a  damping  equal  to  or  greater  than  0.3  keeps  the  m  peak  from  reducing 
the  outer-loop  gain  margin  (i.e.,  d| G( Jo>) |/da> <  0)  and  alSws  the 
use  leads  greater  than  1  rad/sec  in  the  position-loop  closure. 


In  summary,  for  attitude  system.  Category  II,  we  find  that: 

1.  Lead  compensation  greater  than  1  /a>d  (i.e.,  1/Tt.  <  m,) 

does  not  significantly  improve  the  pilot's  performance 
m  terms  of  regulatory  control  of  disturbances.  Thus 
the  lead  reversal  characteristic  exhibited  in  the  unac¬ 
ceptable  closures  of  conventional  VTOL  dynamics  is  some¬ 
what  apparent  for  the  low  frequency  attitude  systems  since 
the  broadband  gain  region  is  reduced  as  lead  in  increased 
beyond  cud  =  I/Tl^. 

2.  Closed-loop  damping  of  the  attitude  loop  must  be  greater 
than  0.3  to  prevent  outer-loop  limitation.  This  is  pri- 
marily  due  to  the  fact  that  the  damping  of  the  closed-loop 
pilot/vehicle  system  is  generally  less  than  that  of  the 
basic  airframe  (see  sketch). 
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Translational  Rate  Augmented  Dynamics.  The  typical  closures  with  the 
translational  rate  augmented  dynamics  are  shown  in  Figs.  A-23  through  A- 26. 
The  closures  considered  include  both  satisfactory  and  unacceptable  dynamics. 


Satisfactory  Conditions.  The  closure  for  the  configuration  noted 
as  satisfactory  (3  <  PR  <  4)  is  shown  in  Figs.  A-23  and  A- 24.  Basically 
the  vehicle  open-loop  features  are  distinguished  by  the  stable,  oscil¬ 
latory  mode.  The  attitude  closure  in  Fig.  A-23  illustrates  the  need 
for  moderate  pilot  lead  compensation  to  insure  an  inner-loop  crossover 
frequency  greater  than  2  rad/sec.  Since  the  dynamics  resemble  low  fre¬ 
quency  attitude  systems  (i.e.,  i/t^-j  =  l/Tp),  this  lead  compensation  by 
the  pilot  tends  to  partially  cancel  the  adverse  low  frequency  phase 
contribution  of  the  lateral  oscillatory  mode,  ma  (i.e.,  l/T l-  =  03&) . 
Thus,  insofar  as  attitude  compensation  is  concerned,  it  appears  that 
the  pilot  can  follow  the  same  stratagem  for  control  as  normally  used 
with  conventional  VTOL  or  helicopter  characteristics.  Except  for  the 
low  broadband  gain  region  (below  ajcrp)  the  attitude  closures  are  nomin¬ 
ally  good  from  the  pilot  compensation  viewpoint.  The  low  gain  features 
result  in  poor  attitude  performance  under  gust  conditions.  Likewise, 
in  the  position  loop  the  closure  is  again  gain  margin  limited  due  to 
peaking  of  in  the  region  of  2  rad/sec  (see  Fig.  24). 

Unacceptable  Closures.  The  unacceptable  closures  of  Figs.  A-25 
and  A-26  exhibit  the  same  unacceptable  characteristics  as  have  been 
noted  for  the  conventional  VTOL  dynamics.  However,  these  closures 
are  included  for  reference  so  that  a  complete  cross  section  of  closure 
situations  could  be  illustrated.  Note  that  in  the  posit ion- loop  clo¬ 
sure  (e.g.,  see  Fig.  A-26)  the  bandpass  is  severely  limited  by  the 
closed- loop  lateral  oscillatory  mode  damping.  In  fact,  the  deterio¬ 
ration  in  pilot  rating  clearly  follows  the  reduction  in  crossover  fre¬ 
quency,  a>Cx,  which  in  turn  is  closely  related  to  the  effective  closed- 
loop  damping,  £*0)’ ,  of  the  lateral  oscillatory  mode. 

GUST  REGULATORY  CONTROL 


One  of  the  main  factors  affecting  the  precision  of  pilot  control  in 
hover  is  the  level  of  airframe  gust  sensitivity.  The  two  aerodynamic  sta¬ 
bility  derivatives  of  importance  are  the  lateral  stability,  L^,  and  the 
side  force  parameter,'  Yv.  The  extreme  values  of  these  parameters  tested 
by  A'Harrah  (Ref.  7)  in  combination  with  the  conventional  dynamic  range 
tested  by  Breul*  (Ref.  4)  provide  a  broad  range  of  examples  from  which  to 
illustrate  the  complex  effects  of  these  parameters  on  pilot  compensation 
and  closed-loop  performance.  The  consequences  of  various  levels  of  these 
derivatives  are  illustrated  in  the  following  by  their  effect  on  the  closed- 
loop  rms  (i.e.,  root  mean  s  quare )  error,  a^,  ay,  and  Og . 


*Note  the  parameter  ranges  tested  by  Vinje  and  Miller  in  Ref.  2  are 
essentially  equivalent  to  Ref.  4  data.  Thus  we  infer  the  same  parameter 
coverage  by  citing  the  Ref.  4  results. 
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Roll  Attitude  Control  for  Category  II  System,  1  /Tg  <  1  /T-^j 
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Figure  A-l8-  Lateral  Position  Control  for  Category  II  System,  l/T e  >  l/TR; 
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Figure  A- 19*  Roll  Attitude  Control  of  Category  II  System  for  Various  Pilot  Compensation  Levels 
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Figure  A- 21 •  Position  Closure  with  Attitude  Augmentation  System, 
1/Te  >  1/Tr,  cca  >  2-0  rad/sec,  y  — *-cpc 
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Figure  A- 22.  Position  Closure  with  Attitude  Augmentation 
l/TE  >  l/TR,  cd^  >  2.0  rad/sec,  y  -*-6a 
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Figure  A- 23*  Roll  Attitude  Control,  Translational  Augmentation; 
Satisfactory  Dynamics,  cp  -*-5a 
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Figure  A- 24.  Lateral  Position  Control ,  Translational  Augmentation 
Satisfactory  Dynamics,  y,  cp  — 
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Figure  A-25-  Roll  Attitude  Control  Translational  Augmentation, 
Unacceptable  Dynamics,  cp  -■-& 


(6®p) »SDgd 


r- 

o 


II 


A-51 


Figure  A- 26*  Lateral  Position  Control,  Translational  Augmentation, 
Unacceptable  Dynamics y  y,  cp  — 


It  should  be  recognized  that  the  upper  level  of  the  derivatives 
(i.e.,  Ly.  =  0.1 6  and  Yv  =  1-0)  from  Ref.  7  are  well  above  the  level 
considered  aerodynamically  feasible  for  conventional  VT0LTs.  Furthermore, 
as  noted  previously,  the  configurations  are  classified  as  conventional 
simply  because  the  dynamic  characteristics  may  be  approximated  in  the  con¬ 
ventional  manner  (i.e.,  1/Tr  =  Ip  and  =  Lyg/Lp).  To  some  extent  one 
may  question  the  choice  of  extremes,  however,  such  gross  levels  do  serve 
to  dramatize  otherwise  subtle  closed-loop  control  differences  which  might 
well  be  overlooked.  Once  we  identify  the  gross  effect,  it  is  far  easier 
to  trace  the  interaction  sequence  as  the  multiloop  closures  are  made. 
Detailed  aspects  of  the  closures  showing  the  effects  of  the  two  derivatives 
are  considered  generically  later  in  these  discussions. 


As  the  starting  point,  it  is  worthwhile  reviewing  the  steady- state 
expressions  (i.e.,  trim  values  or  dc  levels)  for  the  rms  error  which  are 
defined  by  the  level  of  Yv  and  Ly.  For  example,  from  the  block  diagram 
shown  in  the  sketch  the  closed-loop  expressions  are 
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and,  in  fact,  the  steady-state  level  vAr  I 

to  the  pilot's  position-loop  gain  K  8  ss"  1S  lnverselY  Proportional 

9  P  y‘ 

Gust  Response  Characteristics 

summarized  below  and  discussed  in  the  fen  •  fl§*  1-5'  Table  A-I)  are 
functions  are  written  in  shortened  form  ^  ^  transfei 

[s2  +  2^iCDis+a|]  -^[^,0^] 

A(  s  +  a)  — »-A(a) 

A-5t 


With  no  outer-loop  lead 


Case  1  -2- 

vg 

0. 01(0. l42)(-0.l42)[0. 998  ,  10.01] 

(2.55) (21 .65) [0.18  ,  0.191 ] [0.1 65  ,  3-66] 

Y 

vg 

0. 037(3. 507) (21 .51 )[0.045 ,  ^.625] 

(2.55) (21 .65) [0.18  ,  0.191 ] [0.1 65  ,  3-66] 

Case  3  -2- 

Vg 

0.03(0. 135)(-0.132)[0. 999,  10.0] 

(3 . 81 7) ( 21 .51 ) [0.273  ,  0.206][0. 169  ,  3.63] 

Y 

Vg 

0. 037(5. 037) (21. 12) [0.0^2,  5.903] 

(3.8l7)(2l .51 ) [0.273  ,  0.206][0.169  ,  3.63] 

Case  5 

vg 

0.04(0.171 )(-0.177)[0. 997  ,  10.024] 

( 1 . 703 ) ( 20 . 4 ) [ 0 . 273 , 0.559][0.212,-3.12] 

Y 

Vg 

0.037(^.565) ( 19.86) [-0.057  ,  6.55] 

(1.703) (20. 4) [0.273 , 0.559] [0.21 2,  3.12] 

With  outer-loop  lead 


Case  1  (1/Tl,,  = 

1) 

JL 

vg 

0.01 (0.594) (-1.37) (4.74) (35- 66) 

(2.55)(21. 35) [0.518,  1.291] [0.04,  2.916] 

Y 

vg 

0.037(3.507^21. 51  )[0. 045  ,  4.625] 

(2.55)(21 .35) [0.518  ,  1.291 ][0.04,  2.916] 

Case  5  ( l/Tr„,  = 

2.5) 

JL 

vg 

0.04(0.401 ) (-0.522) (7.26) ( 14. 74) 
(1.703)(20.34)[0.269,  0.937][0.206,  2.89] 

Y 

0. 037(4. 57)( 19.86) [-0.057  ,  6.55] 

(1 .703) (20. 3^) [0.269  ,  0.937] [0.206  ,  2.89] 


The  closed-loop  regulatory  control  was  evaluated,  assuming  a  random 
gust  represented  as  the  output  of  a  linear  filter  whose  input  is  white 
noise  ( see  Ref .  1 ) .  The  linear  filter  was  of  the  form 


Va 


2Dg°yg 

s  +  OCg 


where  cDg  —  0.5  rad/sec.  Values  of  the  standard  deviation  for  roll  attitude 
and  lateral  displacement  were  calculated  based  on  a  unity  ^vg* 


No  Lead  in  Position  Loop.  The  roll  attitude  gust  transfer  func¬ 
tion  asymptotes  for  a  satisfactory  and  unacceptable  case  are  shown  in 
Fig.  A- 27 .  The  most  significant  differences  between  systems  occur  in 
the  frequency  region  0.1  rad/sec  to  1  rad/sec.  The  dynamic  character¬ 
istics  in  this  region  are  dominated  by  the  low  frequency  complex  pair 
of  poles  which  resulted  from  the  position-loop  closure.  For  the  satis¬ 
factory  case  these  poles  have  a  relatively  low  break  frequency  which 
is  close  to  the  break,  frequencies  of  the  real  zeros  of  the  gust  transfer 
function.  This  results  in  relatively  low  gains  in  the  critical  fre¬ 
quency  region,  giving  rise  to  the  low  values  of  attitude  error.  For 
the  unsatisfactory  case  the  break  frequencies  of  the  dominant  poles 
and  zeros  are  more  widely  separated,  resulting  in  higher  gains  in  the 
critical  frequency  region,  giving  rise  to  larger  values  of  attitude 
error.  The  corresponding  roll  attitude  power  spectrum  plot  is  shown 
in  Fig.  A- 28.  It  is  apparent  that  for  the  satisfactory  case  the  atti¬ 
tude  response  0^,  is  small,  and  the  energy  is  located  at  much  lower 
frequencies  than  for  the  unacceptable  case.  For  the  unacceptable  case, 
the  major  portion  of  the  energy  is  located  in  the  crossover  frequency 
region  of  the  position  loop,  o>Cy  =  1  rad/sec.  This  may  have  a  signifi¬ 
cant  effect  on  pilot  opinion  since,  as  the  effective  bandpass  of  the 
input  disturbance  approaches  crossover  frequency  values,  then  the  pilot 
may  have  difficulty  recognizing  error  signals  and  controlling  the 
vehicle. 


It  is  evident  that  the  location  of  the  pole/zero  combinations  in 
the  critical  frequency  region  (0.1  to  4.0  rad/sec)  is  of  fundamental 
importance  in  determining  rms  gust  errors.  The  frequency  of  tbe  domi¬ 
nant  mode  is  mainly  determined  by  the  location  of  the  real  pole  near 
the  origin  in  the  position  loopj  this  pole  is  displaced  farther  from 
the  origin  as  the  frequency  of  the  basic  vehicle  Dutch  roll  mode 
increases.  The  increase  in  Dutch  roll  frequency  is  a  direct  result 
of  increasing  the  value  of  Ly.  A  large  value  of  Ly,  therefore,  for 
the  unacceptable  cases  is  the  dominant  factor  in  producing  the  larger 
roll  attitude  errors. 

Control  input  power  spectrum  is  shown  in  Fig.  A-29.  The  distinct 
peaks  from  the  power  spectrum  curves  can  be  associated  with  the  domi¬ 
nant  modes  of  the  closed-loop  system,  especially  for  the  unacceptable 
case . 
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Figure  A- 27-  Roll  Attitude  Gust  Asymptotes  |  Ny-g/A"  |  (without  Gust  Filter) 
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Figure  A-28.  Roll  Attitude  Power  Spectrum  (No  Position  Loop  Lead) 
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Figure  A- 29*  Control  Power  Spectrum  $1^5  (No  Position  Loop  Lead) 


The  gust  transfer  function  asymptotes  for  lateral  displacement 
(i.e.,  o-y  error)  are  shown  in  Fig.  A- 30.  Differences  between  satis¬ 
factory  and  unacceptable  cases  are  due  to  variations  in  steady- state 
gain  since  differences  in  the  break  frequencies  are  small. 

Lead  Compensation  in  Position  Loop.  Effect  of  lead  in  the  outer 
loop  on  system  gust  response  is  to  increase  the  attitude  errors. 
Attitude  errors  have  increased,  especially  for  the  satisfactory  case, 
although  the  trend  with  pilot  rating  is  similar  to  the  cases  without 
lead.  Lateral  displacement  errors  have  decreased  substantially, 
especially  for  the  satisfactory  cases.  The  reason  why  pilot  lead 
in  the  position  loop  increases  the  attitude  errors  is  evident  from 
Fig.  A-30.  The  dominant  pair  of  complex  poles  relocate  at  higher 
frequency  because  of  lead,  giving  rise  to  higher  gain  levels  (i.e., 
larger  attitude  commands). 

The  corresponding  roll  attitude  power  spectrum  with  position-loop 
lead  is  shown  in  Fig.  A-31.  The  major  portion  of  the  gust  response 
energy  is  still  located  in  the  region  of  position-loop  crossover  fre¬ 
quency  for  the  unacceptable  case.  For  the  satisfactory  case,  the 
dominant  gust  response  region  has  relocated  at  a  much  higher  fre¬ 
quency,  and  a  larger  position-loop  lead  is  required  in  this  case  to 
achieve  adequate  crossover  frequencies.  This  larger  value  of  lead 
tends  to  decrease  the  damping  of  the  high  frequency  closed-loop  mode 
and  to  increase  the  damping  of  the  low  frequency  mode.  Thus  the 
dominant  portion  of  the  roll  attitude  power  spectrum  tends  to  relocate 
at  higher  frequencies  for  the  satisfactory  case  with  position-loop 
lead.  For  the  unacceptable  case,  the  values  of  position-loop  lead  are 
such  that  the  low  frequency  mode  is  still  dominant  in  determining  the 
shape  of  the  roll  attitude  power  spectrum.  Smaller  values  of  position- 
loop  lead  were  required  for  the  unacceptable  case,  primarily  because 
of  the  higher  Dutch  roll  frequency  of  the  basic  vehicle  which  tended 
to  produce  higher  crossover  frequencies  in  the  position  loop.  This 
redistribution  of  the  gust  response  energy  indicates  that  the  pilot 
has  some  capacity  to  alter  the  system  gust  response  to  suit  his  desires 
in  the  satisfactory  cases,  and  that  his  capacity  to  do  so  in  the  unac¬ 
ceptable  cases  is  severely  restricted. 

The  control  input  power  spectrum  is  shown  in  Fig.  A-32.  Effects  of 
the  dominant  modes  are  easily  distinguished  for  the  lightly  damped 
modes  and  less  easily  distinguished  for  the  heavily  damped  modes. 


Lateral  displacement  gust- asymptotes  with  position— loop  lead  again 
are  shown  in  Fig.  A-30  for  comparison.  Steady- state  gain  has  decreased 
substantially  in  both  cases  with  a  corresponding  decrease  in  position 
errors.  The  unacceptable  case  exhibits  a  much  lower  damping  ratio  than 
the  satisfactory  case.  The  net  effect  is  to  produce  larger  position 
errors  for  the  unacceptable  case. 
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Figure  A-30-  Lateral  Displacement  Gust  Asymptotes  |h£  /A"|  (without  Gust  Filter) 
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Figure  A-3l .  Roll  Attitude  Power  Spectrum  (With  Position  Loop  Lead) 
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Figure  A-32.  Control  Power  Spectrum  Position  Loop  Lead. 


From  the  lateral  position  gust  transfer  function  asymptotes 
(Fig.  A-30),  it  is  clear  that  the  frequency  location  of  the  gust 
response  energy  is  similar  for  both  satisfactory  and  unacceptable 
cases.  This  is  another  indication  that  pilot  opinion  is  based  on 
characteristics  of  the  attitude  loop  where  Ly  dominates  the  gust 
response . 

It  is  evident  that  the  values  of  attitude  and  lateral  position 
rms  errors  are  strongly  dependent  on  the  amount  of  pilot  lead  in  the 
outer  loop.  Thus  rms  error  values  are  useful  only  as  a  trend  indi¬ 
cator  when  the  ground  rules  are  held  constant,  e.g.,  when  sufficient 
pilot  lead  is  generated  to  produce  similar  crossover  frequencies  in 
each  case. 

A  significant  feature  of  the  gust  response  characteristics  is 
that  for  the  satisfactory  cases  it  is  possible  for  the  pilot  to  adjust 
outer-loop  lead  so  as  to  obtain  a  tradeoff  between  the  magnitude  of 
attitude  error  and  the  magnitude  of  position  error,  depending  on  his 
requirements  for  accomplishing  the  task  (see  Fig.  A-33 ) .  Results  shown 
on  Fig.  A- 33  were  obtained  by  computing  cr  ratios  from  the  gust  response 
characteristics .  For  precision  hover  in  a  gusty  environment  he  has  the 
capability  of  generating  lead  in  the  Y-loop  so  as  to  reduce  position  errors 
at  the  expense  of  some  increase  in  attitude  errors*.  For  the  unacceptable 
cases,  the  variation  of  attitude  and  position  errors  with  pilot  lead  is 
much  less  significant,  indicating  that  he  is  more  limited  in  his  capacity 
to  alter  the ^system  gust  response  to  suit  his  desires.  This  is  another 
good  indication  as  to  why  the  pilot  ratings  deteriorate  from  satisfactory 
to  unacceptable. 

In  addition,  the  significant  differences  in  the  predicted  spectral 
characteristic  between  satisfactory  and  unacceptable  case  and,  like¬ 
wise,  the  differences  with  and  without  lead,  give  a  good  indication 
of  which  loop  the  pilot  is  emphasizing,  and  the  level  of  compensation 
in  each.  Such  information,  obtained  from  an  experimental  program, 
could  be  valuable  as  a  source  for  checking  the  predictions  of  quasi- 
1 inear  models  and  generally  as  a  clue  to  the  pilot  control  problems 
(e.g.,  see  Ref.  2).  However,  except  as  a  relative  standard,  cr5  does 
not  appear  to  be  a  better  merit  for  specification  purposes  than  any 
other  statistical  measure  (e.g.,  cr^  or  ay). 


Effect  of  Large  Ly  and  Yy  Terms .  The  primary  effect  of  the  Ly  and  Yv 
terms  on  the  gust  response  features  can  be  illustrated  by  examination  of 
the  closed-loop  expressions  for  cp/vg  and  y/vg  calculated  for  Configurations 
22-36  of  Table  A- VI.  We  will  examine  the  cp/vg  numerator  with  both  cp  and 
y  loops  closed  first. 
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The  complete  cp/vg  expression  after  putting  in  Ypy  and  Yp  is: 
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Figure  A- 33.  Estimated  Effect  of  Position- Loop  Compensation 

on  Error  Performance 
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Position  Error ,  a  (  ft/deg 


Putting  the  numerator  in  root  locus  form: 
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s2(s  +  4/t)2  Ly. 


when  the  effective  gain  Kj^  is 


The  resultant  locus  sketched  above  shows  that  the  zero  locations  are  a 
function  of  Yy/Lv.  When  the  gain  Yv/Lv  is  large  the  real  axis  zeros  are 
large  (i.e.,  =  l/T and  b/ r )  and  about  the  same  magnitude  as  ow  or  l/Ty. 

The  net  result  is  that  the  cp/vg  amplitude  asymptotes  are  easily  approxi¬ 
mated  by  a  second-order  expression,  cp/vg  =  K/(s+cDg)2,  as  shown  in  Fig.  A-3t. 
Obviously,  then,  the  value  of  a(p  can  approx irnat  ely “be  obtained  from  the 
cp/vg  dc  gain.  This  value  is  — Yy/g.  Since  Ly  was  also  shown  to  affect  the 
cp/vg  transfer  function,  may  be  proportional  to  Yy/Ly.  The  sketch  below 
shows  the  roughly  linear  relation  between  cr^  and  the  Yv/l»v»  For  Yv  smaller 
the  zeros  are  smaller  than  the  denominator  poles  and  the  cp/vg  amplitude 
ratio  is  peaked.  The  cp/vg  amplitude  ratio  asymptotes  for  a  typical  con¬ 
figuration  as  compared  to  a  higher  Yv  case  is  presented  in  Fig.  A- 35.  The 
effect  is  even  more  pronounced  when  plotted  in  cartesian  coordinates  as  in 
Figs.  A- 3 6  and  A-37- 
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Figure  A-34.  Roll  Attitude  Gust  Asymptotes 
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Figure  A- 35*  Foil  Attitude  Gust  Asymptotes 
(Comparison  between  Satisfactory  and  Unacceptable) 


The  outer  position-loop  expression  is 
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<f>  .I6(s-I.2l)(s  +  I.34)[.94  ;  10.3] 

H  =  (s+.5)(s  +  3.6)(s  +  l8.8)[.34;l.5][45;2.5] 


Figure  A-%.  Roll  Attitude  Response  Spectra  (Conf.  27-1) 

From  identities  of  Ref.  37  the  low  frequency  gain  of  the  y/vg  transfer 
function  approaches  l/Kpy.  Thus  from  Table  A-X,  y/vg  transfer  function 
poles  and  zeros,  it  is  seen  that  the  zeros  are  larger  than  or  l/Tij  so 

the  general  asymptotic  shape  of  the  spectrum  is  as  sketched  below. 
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TABLE  A-X 

SUMMARY  OF  GUST  RESPONSE  CHARACTERISTICS  FOR  VARIOUS  Yv/Lv  RELATIONS 
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Figure  A-38.  Lateral  Position  Asymptotes 
for  Various  Levels  of  Yv 


Figure  A-38  is  the  actual  asymptotic  plots  of  y/vg  for  typical  cases  of 
low  Yv  to  high  Yv*  For  the  low  Yv  case,  the  decreasing  amplitude  is  more 
apparent  since  the  frequency  of  the  complex  numerator  zeros  is  determined 
hy  gLv/Yv  With  a  low  Lv  and  high  Yv.  case  the  y/vg  would  not  approach  l/Kpy. 
But  for  our  cases  where  o)g  and  l/T y  «  numerator  frequency  the  approximation 
is  good  and 


X 


dc 


WO  +V 

W5 


cc 


aVD 
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From  the  above  relation  the  effects  of  Yv  and  pilot  gains,  on  ay  can  be 
shown.  In  any  two  systems  with  identical  characteristic  equations ,  KY 
increases  as  Yy  increases  for  odc  =  const  (i-e.,  Km  =  Kp-C^Yv/gLy)  and 
therefore  ay  will  increase  with  from  the  previous  relation.  By 
increasing  Kpq,  or  Kpy  (increasing  crossover  frequency)  ay  can  be  reduced. 


An  outer-loop  gain  increase  is  the  key  parameter  for  reducing  ay  since 
Kpy  and  <rCy  are  in  direct  proportion  and  thus  increasing  odCv  increases 

yAgldc* 


_ The  typical  spectra  of  y/vg  are  presented  in  Figs.  A-39  and  A-4o.  The 
satisfactory  ratings  have  a  very  rapid  decrease  in  power  with  frequency 
whereas  the  unacceptable  cases  (Fig.  A-4o)  contain  peaks  near  the  outer- 
loop  crossover  frequency. 
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y  _ 
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-.24  ( s  +  3.3)  (s- 19.9)  [-004  ;  4,53] 
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Conf. 

Yv 

Lv 
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Figure  A- 4-0.  Lateral  Position  Response  Spectra,  Unacceptable  Dynamics 


In  conclusion,  the  effects  of  Yv  and  L v  and  gust  response  characteris¬ 
tics  appear  to  .relate  to  the  pilot  ratings  as  follows: 

1 .  For  large  Yv  the  ratings  are  improved  as  the  ratio 
Yv/L v  is  reduced. 

2.  There  is  some  evidence  that  the  pilot  may  need  to  lag 
the  outer  loop  in  order  to  reduce  cry;  that  is,  eliminate 
the  effects  of  inner-loop  leads. 

3.  The  shape  of  the  cp/vg  spectrum  also  appears  important 
because  when  cp/vg  becomes  peaked  due  to  Y v/lv  being  low, 
the  pilot  rating  is  degraded. 
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APPENDIX  B 


EFFECTS  OF  CONTROL  SYSTEM  IAGS  AND 
DELAYS  ON  CLOSED-LOOP  SYBTEM 


This  appendix  contains  the  development  of  analytical  expressions  to  show 
the  effects  of  control  system  lags  and  high  frequency  dynamics  on  the  closed- 
loop  pilot/vehicle  system. 

EFFECTS  OF  CONTROL  IAG 

System  Sensitivity  to  Tc 

System  is 


Looking  at  the  Inner  Loop 

A'  =  A  +  (B-3) 


B-1 


Include  control  lag  as  part  of  pilot  transfer  function. 


Y 


9 


where 


+  ’/%,>(*  -  VT)2 

Tc(s  +  4/t)2(s  +  1/TC) 


<  =  L5a^s  +  VTcpi) 

A  =  (s  +  l/TR)(s2  +  2£daods  +  cd|) 


A' 


(l/TR)[^d]  +  Ls% 


%  o/yw^o/T^) 

Tc  (4/t)2(i/tc) 


=  (s  +  l/TR)(s2  +  2£dcods  +  oof) 


L5KFcp  (s  +  V^lJC3  ~  Vt)2(s  +  VTcpi) 


J9 


9l 


(s  +  4/t)  (s  +  1/TC) 


(B-4) 


A'  =  0 


1  +  (s  +  1/Tr)(s2  +  2^da3ds  +  oof) 

(s  +  4/t)2(s  +  1/TC) 

X  - - - —  =  0 

LS%  ^  (s  +  V%)(3  -  Vt)2(s  +  1/T^) 

(s  +  l/TR)(s2  +  2^dCDdS  +  <JDd)(s  +  t/4)2 
=  1  +  TC(S  +  1/TC)  - - -  =  0 

+  V%)(3  ~  t/4)2(s  +  1/T9i) 


=  1  +  Tc(s  +  l/Tc)G(s)  =  1  +  G(s)  +  sTcG(s)  =  0 

TcsG( s ) 

/#  1  +  1  +-G"(  s)  =  0  (B-5) 


B-2 


Note  that 


G(s) 

1  +  G(s) 


1  +  1/G(s) 


TCS 


/*  Equation  to  be  solved  is  1  +  ^ 


=  0 


where  1  + 


g[s7 


=  i  + 


LsKp^s  +  l/%)(s  -  t/4)  (s  +  1/Tcp,, ) 

(s  +  r/k)^(s  +  1/Tr)(s^  +  2^aD(iS  +  a^) 


,  YcpN&  A  +  YcpNg  _  A* 
1  +  -1ST  ~  A  -  "  A 


(B-6) 


Equation  to  he  solved  is 


1  + 


TCSA 


=  0 


(B-T) 


For  convenience  we  rearrange  this  so  that 


1  A’ 

'  •  1  +  SA  ° 


(B-8) 


1  +  KG'(s)  =  0 


(B-9) 


where  K  =  l/Tc 

and  G'(s)  =  A'/SA 


Note  when  Tc  is  small,  gain  K  is  large  and  roots  are  close  to  the  zeros 
of  G'(s)  which  are  A’  which  are  the  original  closed- loop  roots. 

EFFECTS  OF  HIGH  FREQUENCY  DYNAMICS 

Assume  high  frequency  effects  can  he  approximated  hy  e  which  is 
equivalent  to  increasing  pilot  transport  lag. 


•  • 


(B-10) 


%VS  +  1/%)(s  -  2/t) 

r(p  - - - 

(s  +  2/t) 

<  =  L5a(s  +  1/T91) 

A  =  (s  +  l/%)(s^  +  2^(D(iS  +  tof) 

A'  =  A  +  YqjNg  •=  0  =  (s  +  l/TR)(s2  +  2(^0^  s  +  u/[) 

_  L&KPfpTL^  s  +  1  /TLgj)  ( s  +  1  /  V| )  ( s  ~  2/  t  ) 

(s  +  2/t) 


(s  +  2/t) 


A(s  +  2/t)  +  YjN|(s  -  2/t) 


=  As  +  (  2/t  )A  +  YjN^s  -  (2/t>^ 


(2/t)(A  -  Yj$P)  +  s  (A  +  Y^P)  =  0 

J 


1  +(2/t) 


A  ~  Y9N5 

j  s(A  +  Y^Ng) j 


=  0 


( B—  1 1 


APPEND  DC  C 


STABILITY  DERIVATIVES  FOR  DIRECT  FORCE 
CONTROL  COUPLING  ANALYSES  IN  HOVER 


The  longitudinal  stability  derivatives  and  control  coupling  terms 
employed  in  the  studies  of  Section  III  are  contained  in  this  appendix. 
Tables  C-I  and  C-II  list  the  pertinent  data  from  the  experiments  by 
Gallagher  (Ref.  1 6)  and  Breul  (Ref.  17),  respectively. 


TABLE  C-I 

DATA  FOR  CONTROL  COUPLING  STUDIES  BY  GALLAGHER,  REF.  1 6 


a)  Derivatives 


DERIVATIVES 

CASE  1 

CASE  2 

A 

B 

A 

B 

Mu 

+0.005 

+0.005 

+0.043 

+0.043 

X5  (g/in.) 

0 

-2.25* 

0 

-2.25 

/rad/sec2  \ 

0.54 

0.54 

0.54 

0.54 

5\  in.  / 

Mq(l/sec) 

-3.0 

-3.0 

-3.0 

-3.0 

-0.016 

-0.016 

-0.016 

-0.016 

Pilot 

Rating 

3.o 

4.0 

3.5 

7.0 

* These  magnitudes  of  X5  are  extremely  large  and 
can  only  be  ’envisioned  as  a  longitudinally 
mounted  propeller  or  jet. 
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TABLE  C-I  (Concluded) 


b)  Transfer  Functions 


CASE 

NUMERATOR 

DENOMINATOR,  A 

1 

A 

Ng  =  M§(s  +0.016) 

(s  +  3.02) [s2  +  2(-0.01 )(0.23)s  +  (0.23)S] 

Nf  =  32.2  Mg 

sA 

B 

vo 

o 

1 

CO 

£ 

II 

CD  60 

^5 

(s  +  3.02) [s2  +  2(-0.01 )(0.23)s  +  (0.23)2] 

^5  =  MgYp0(s+O.25)(s+2.75) 

sA 

2 

A 

Ng  =  Mg( s  +  0 .01 6) 

(s  +3.15)[s2  +  2(^).07)(0.66)s  +  (0.66)2] 

-  52-2  % 

sA 

B 

Ng  =  Mg( s  —  6.0) 

(s  +  3.i5)[s2  +  2(-0.07)(0.66)s  +  (0.66)2] 

N^  =  MgYp  (s+0.25)(s  +  2.75) 

sA 

TABLE  C-II 

DATA  FOR  CONTROL  COUPLING  STUDY  BY  ERUEL,  REF.  17 


CASE 

NO. 

STABILITY 

DERIVATIVE 

CONTROL 

TERMS 

PILOT 

RATING  RANGE 

Mq 

see- 1 

XS 

ft/sec^/in. 

mb  r 

rad/sec^/in. 

1 

-0.3 

0 

0.25 

3  <  PR  <  5 
(acceptable) 

2 

-0.3 

-1  .0 

O.25 

3  <  PR  <  5 
(acceptable) 

3 

-0.3 

-2.0 

0.25 

PR  >  5 

( uns  at i s  factory ) 

4 

-1  .0 

0 

0.1 

3  <  PR  <  5 
( acceptable ) 

5 

-1  .0 

-1  .0 

0.1 

PR  <  3 
( good) 

6 

-1  .0 

-2.0 

0.1 

PR  >  5 

(unacceptable) 
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APPENDIX  D 


SUMMARY  OP  AERODYNAMIC  STABILITY  DERIVATIVES 
FOR  LATERAL/DIRECTIONAL  STUDIES 


The  lateral/directional  stability  and  control  characteristics  of  this 
appendix  were  utilized  in  the  closed- loop  analyses  covered  in  the  transition 
studies  of  Section  TV. 

Tables  D-I  and  D-II  summarize  the  XC-1U2A  derivatives  and  transfer 
function  characteristics  used  in  the  generalized  studies  of  closed-loop 
regulatory  and  maneuver  tasks .  These  derivatives  were  derived  from 
material  of  Ref.  33. 

Table  D-III  provides  the  dynamic  characteristics  calculated  for  each 
configuration  tested  in  the  flight  test  program  of  Ref.  22.  Similar  infor¬ 
mation  for  the  control  coupling  study  of  Ref.  25  is  presented  in  Table  D-IV. 
Only  the  factors  utilized  in  the  analysis  are  presented. 
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TABLE  D-I 


LATERAL/D IMENSIOHAL  DERIVATIVES  FOR  THE  XC-142 

(Note:  Data  are  for  body- fixed  centerline) 
FLIGHT  CONDITION 


W  =  37,  474  lb  70  =  0 

zx  =  173,000  slug-ft2  Iz  =  267,000 

1 y  =  122,000  siug-ft2  ixz  =  7,000 


DERIVATIVES 

^X.  FLT. 

HOVER 

60  KTS 

120  KTS 

deriv.  x^ 

-0.015 

-0.0945 

-O.175 

V 

0 

0 

0 

'  V 

0 

0.248 

0.94 

H 

-0.00062 

-0.715 

-i.9i 

-O.235 

-0.539 

-0.855 

K 

-0.0335 

0.382 

0.559 

hLr 

-0.285 

-0.167 

-0.193 

V  | 

0,0622 

-0.0871 

0.0913 

-O.OOO39 

0.218 

0,580 

-0,0062 

-0.137 

VO 

■1 

7 

Nr 

-0.211 

-0.332 

-0.565 

%;* 

-0.0075 

-0.0129 

-0.0266 

'  , 

-0.208 

-0.150 

-0.132 

inches  of  lateral  stick  (includes  aileron  and 
differential  main  prop  blade  angle);  positive  6 
gives  negative  p.  a 


^r  inches  of  pedal  (includes  rudder,  aileron,  and 
^■ii'i’e:r’en'tial  main  prop  blade  angle);  positive  S-- 
gives  negative  r. 
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TABLE  D-H 


XC-l42  lateral/directional  transfer  function  for  the 

AILERON  AND  RUDDER  CONTROLS 


TRANSFER 

BEGIN  TRANSITION 

MID TRANSITION 

END  TRANSITION 

FUNCTION 

(U  =  0  KTS) 

(U  =  60  KTS) 

(U  =  120  KTS) 

-O.265 

-0.0292 

0.169 

“a 

0.225 

O.683 

0.914 

A 

1/TS 

0.1911 

0.118 

0.124 

1/Tr 

0.3894 

0.886 

1  .61 

-0.285 

-O.167 

-0-193 

< 

^cp 

(0.0132) 

0.4l  1 

0.4l8 

“9 

(0.2119) 

0.555 

0.977 

Ar 

-0.208 

-0.150 

-O.132 

N^ 

1/Tr 

0.3944 

O.863 

1-15 

°r 

Cr 

-O.2912 

-0.281 

—0. 066 

cBr 

0.2443 

O.557 

0.456 

Ar 

-0.0075 

-0.0129 

-0.026 

n£ 

°a 

5 

0.505 

— 0 . 8 

-0.454 

0.7713 

1.19 

0.959 

-O.76 

0.8 

1 .056 

Amu, 

0.06 

0.024 

0.028 

ktT  r 

N5a5r 

9r 

'/V 

0.015 

0.0898 

0.148 

-0.00003 

-0.0012 

Ng  | 
OaOr 

hr 

-1-93 

— 0.04 

0.0 

“Pr 

no  roots 

15. 

6.0 

w9  P 

iNBa&r 

1  9- 

— 

— 0  .  06 

-0.00041 

-0.00089 

l/Tcpp 

no  root 

59-0 

32.0 

TABLE  D-II  (Concluded) 


TRA 

FUN 

NSFER 

CTION 

BEGIN  TRANSITION 

(U  =  0  KTS) 

MID TRANSITION 

(U  =  60  KTS) 

END  TRANSITION 
(U  A  120  KTS) 

% 

0.208 

0.00245 

0.00464 

0.326 

-0.308 

-0.024 

°r 

CVI 

t — 

9.52 

O.587 

1.076 

V%5 

none 

62.0 

28.77 

9.17 

5-59 

6.22 

Ng 

°a 

(0.2119) 

0.313 

0.325 

“V 

(0.0132) 

0.518 

0.857 

table  d-iii 


lateral/directioeal  derivatives  aed  traesier  fuectioe  factors 

Flight  Conditions:  U0  =  50.6  ft/sec;  W  =  2,900  lb:  7  (approach)  =  1 1  deg 

Constant  Derivatives:  Y&a  =  2.24  (ft/sec2)/in. ;  L5&  =  1.72  (rad/sec2)/in. ; 

Lp  =  _io  1 / sec;  Nv  =  0.02  l/ft-see 


(Derivatives  obtained  from  Ref.  22) 


Variable  Derivatives: 

L v  1 /ft- sec 

-0,01 

-0.02 

-0.( 

35 

Rating 

5-1/2 

6-1/2 

3-1/2 

6-1/2 

3-1/2 

6-1/2 

Yv  1 / sec 

-0.029 

-0.029 

-0.042 

— 0.042 

-0.081 

-0,081 

Y5r  (ft/sec2)/in. 

•-0.64 

-0.48 

-0.80 

-0.48 

-1.12 

-0.48 

Nj*  1  j  S0  c 

-2.2 

-0.7 

-3.3 

-0.7 

-5-7 

-0.7 

(rad/sec2)/in. 

0.8 

0.6 

1.0 

0.6 

1 .4 

0.6 

Transfer  Function  Factors: 

- p 

7 

T/Ts 

0.075 

0.022 

2.95 

0.042 

5.52 

0.097 

A 

i/% 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

Denom. 

^  0 /%•,•) 

(0.609) 

0.344 

0.707 

0.335 

0.306 

0.311 

a>d  ( VTd2^ 

(1.5^) 

1 .02 

0.268 

1 .04 

0.408 

1.07 

Ap 

1 .72 

1 .72 

1 .72 

1 .72 

1 .72 

1 .72 

N<PSa 

£cp  ( ^  /^cpi  ^ 

( 0 . 683 ) 

0.354 

(0.36) 

0.35 

(0.20) 

0.35 

^cp  (V^cp2^ 

(1.53) 

1 .01 

(2.96) 

1 .01 

(5.52) 

1.01 

0.045 

0.045 

0.045 

0.045 

0.045 

0.045 

Nr&a 

c*  0/%,) 

(4.51) 

(4.51) 

(4.51) 

(4.51) 

(4.51) 

(4.51) 

°\|r 

(5.48) 

(5.48) 

(5.48) 

(5-48) 

(5-48) 

(5-48) 

Ar 

0.8 

0.6 

1.0 

0. 6 

1 .4 

0.6 

1/Tr-i 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

Nrsr 

Or 

0.027 

0.027 

0.039 

0.039 

0.061 

0.061 

0.179 

0.179 

0.254 

0.254 

0.401 

0.401 

~tT  r 

Hr 

1.37 

1 .03 

1 .72 

1.03 

2.41 

1 .03 

§a^r 

'/v 

0 

0 

0 

0 

0 

0 
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TABLE  D-IV 


LATERAL/DIRECTIONAL  DERIVATIVES  AID  TRANSFER  FUNCTIONS 
CONTROL  COUPLING  STUDY 


(Derivatives  obtained  from  Ref.  25) 


BASIC  CONSTANT  DERIVATIVES 

Yv  =  -0.042 

Yp  =  -5.45 

Yr  =  2.65 

Yc,  =1.0 

0a 

Y5r  =  -0.64 

L^  =  -0.02 

Lp  =  —4.2 

L$a  =  0.67 

UQ  =  50.6  ft/sec  =  30k  ! 

Nv  =  0.02 

Nr  =  -3.3 

NSp  =  0.80 

DENOMINATOR 

1/Tr  =  4-2 

1/TS  =  3-0 

5d  =  °*35 

=  0.4l 

A  =  (s  +3.0)(s  +4.2)[s2  +  2(0.35)(0.4l  )s  +  (0.4l  )2] 
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TABLE  D-IY  (Continued) 


a)  Regulatory  Control 


JLI 

Sr 


cp- 


CONTROL  FACTOR  FOR  VARIATIONS  IN  CROSS  COUPLING  DERIVATIVES, 

%a  ^  L&r 


%a 

0.75 

0 

-0.2 

-0.75 

0 

0 

0 

Lsr 

0 

0 

0 

0 

1  .0 

-0.4 

-1.2 

V*s 

3.0 

3-0 

3.0 

3-0 

3.0 

3.0 

3-0 

A 

1/Tr 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

4.2 

Denom. 

0.35 

0.35 

0.35 

0.35 

0.35 

0.35 

0.35 

“d 

0.4l 

0.4l 

0.4i 

0.4i 

0.4i 

0.4l 

0.4i 

^•cp 

0.67 

0.67 

0.67 

0.67 

0.67 

O.67 

0.67 

c 

'/I*, 

0.91 

O.36 

0.24 

-0.024 

0.36 

O.36 

0.36 

'/T< P2 

2.4 

2.95 

3.1 

3.34 

2.95 

2.95 

2.95 

Ar 

0.8 

0.8 

0.8 

0.8 

0.8 

0.8 

0.8 

Ng 

1/Tr 

4.24 

4.24 

4.24 

4.24 

4.27 

4.22 

4.18 

°r 

£r  0/Tr2) 

-0.013 

-0.013 

-0.013 

-0.013 

-0.046 

0.014 

(0.3) 

<%•  ( 1  /^-r  j ) 

0.39 

0.39 

0.39 

0.39 

0.581 

O.276 

(-0.26) 

*<Sr 

0.53 

0.53 

0.53 

0.53 

0.53 

0.53 

0.53 

’/V 

-0.0217 

-0.0038 

0.0009 

0.014 

— 0.04l 

0.01 1 

0.041 

c  - 

Vs  + 

1/TcpT  )(s 

+  V^q>2 

) 

C&. 

i! 

Ap  ( s  + 

1/Tr)[s2 

+  2^pO)p 

S  +CJD^] 

.cp  r 
a^r 


JL 

Sr 


cp- 


“  Acpjr.C3  +  V^Cpjp) 

^V^a1 
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TABLE  D-IV  (Concluded) 


b)  Maneuvering  Control 


Jl 

5a  cp— 5a 

Jp-^5r 


A 

Denom. 

L&r 

1/TS 

V% 

^d 

o)d 

-0.5 

0.6 

3.0 

4.2 

0.35 

0.4i 

-0.75 

0.75 

3-0 

4.2 

0.35 

o.4i 

O.75 

-1.0 

3.0 

4.2 

0.35 

0.4-1 

-0.75 

0 

3.0 

4.2 

0.35 

0.4i 

0.75 

0.75 

3.0 

4.2 

0.35 

0.4i 

< 

-^cp 

V^cp*j  (£d) 
VTcp2  (^d) 

0.67 

0.087 

3.22 

0.67 

-0.024 

3.3 

0.67 

0.83 

2.5 

O.67 

-0.024 

3-3 

0.67 

O.83 

2.5 

4 

A* 

v%, 

'/%a 

VTp3 

-0.0128 

-0.36 

4.04 

68.0 

-0.0128 

-0.45 

4.0 

69.5 

-0.0128 

0.67 

4,65 

53 

-0.0128 

0 

4.0 

66.0 

-0.0128 

-0.45 

4.0 

69.5 

Ar 

-0.5 

-0.75 

0.75 

-0.75 

0.75 

i/tpi 

4.o4 

4.2 

4.3 

4.2 

4.3 

^ /^r2^ 

(-O.217) 

0.044 

-0.043 

0.044 

-0.044 

CDp  (l/Tr^) 

(0.24) 

0.128 

0.53 

0.128 

0.53 

_  & 
e-co 

u 

x 

-0.021 

-0.0236 

0.01 1 

-0.0084 

-0.0236 

v%„ 

42.0 

56.0 

-104 

67.0 

2.23 

^r 

-0.0096 

-0.010 

-0.025 

-0.0064 

-0.0064 

4,  l 

°r°a 

^Pr 

-0.35 

-0.2 

-0.112 

0.28 

(0) 

^r 

7.5 

5-7 

5.69 

7-3 

(4.2) 
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APPENDIX  E 


CALCULATION  OP  CLOSED-LOOP  RMS  GUST  RESPONSES 
FOR  IATERAL /DIRECTIONAL  MODE 


For  analytical  purposes  it  is  desirable  to  have  a  random  v-gust  input 
spectrum  that  is  simple  in  form  but  adequately  representative  of  the  actual 
gust  generator  used  in  the  test  (see  Ref.  26).  Such  a  form,  used  in  Ref.  33 
and  shown  there  to  be  representative  of  the  v-gust  generator,  is  the  simple 
gust  spectrum 


2cDgOvg 

2  2 
CD  +  CD— 


(E-1) 


This  corresponds  to  the  passage  of  white  noise  through  a  first-order  filter 
with  a  transfer  function 


Y 


f 


gvg 

S+CUg 


(E-2) 


The  gust  break  frequency  u>g  was  chosen  as  0.5  rad/sec  to  match  the  actual 
case  of  Ref.  26. 

The  transfer  functions  of  the  above  responses  to  the  side  gust,  vg, 
with  both  the  and  cp  loops  closed  are  given  below: 


* 


JL' 

5r 


n: 


ri 


N^  +  Yp  J 
vg  pcp  vg°a 

- sA0"^ 


N. 


<P* 

Vo- 


(E-3) 


(E-4) 


E-1 


(E-5) 


Nr.  5. 


g 


=  Yr 


Jl 

■t  V! 


g 


Ja 


Y  JL 

*V  5r 


(E-6) 


s| 

where  A"  = 

(^Ut  +  W»a] 

l  +  IPt 

(%r  *  W»X) 

s( 

& 

<g  -  v2(s~V 

Hvja  -  V** 

NVg  =  ^Vs  ( s  “  Nr ) 

Vr  -  %tV 

The  mean-square  values  of  .(r,  tp,  UB  or,  and  Ig  S  were  calculated  from 
the  response  spectra:  a 


®X 


for  X 


CP-’  Ng^&p^  or 


(e-7) 


$vg  is  the  gust  spectrum  of  Eq.  E-i  and  X/v  (Joj)  is  the  transfer  function 
of  X  to  Vg  gust  inputs  with  both  cp  and  \|r  loops  closed.  Equation  E-7  can 
also  be  written 


\  =  |yx(  Joj)  I2  (E-8) 

^  (joj) 

The  mean- squared  values  were  computed  by  numerically  integrating  the  spectra 
from  Eq.  E-8. 
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APPENDIX  F 


SYSTEMS  SURVEYS  SHEWING  EFFECTS  OF  RUDDER  COUPLING  TERMS, 
L§r,  OR  MANUAL  ATTITUDE  CONTROL  TASK 


This  appendix  presents  the  systems  surveys  showing  the  effects  of 
rudder  coupling  terms,  or  manual  attitude  control  task  using  the 

technique  \[r  -►  Sr,  q>  — &a.  Three  levels  of  the  rolling  moment  due  to 
rudder,  L5r, are  examined  for  the  case  where  adverse  aileron  yaw,  %  , 
is  zero.  RMS  gust  responses  (a-  and  O  to  a  side  gust  for  the  same 
cases  are  also  presented.  These  results  illustrate  that  the  rudder 
coupling  term  L$r  (i.e.,  when  Nga  =.  0)  does  not  significantly  affect 
regulatory  control . 


F-1 


cr^/ovg  =  .104  rad/ft/sec 
<Tty/<rv  =  .154  rad/ft/sec 


F-2 


For  Both  Loops  Closed  at  2.0 rad/sec 
cr^) /crVg  =.105  rad/ft/sec 

oty/<rVg  =  .I54rad/ft/sec 


A^,(s+.0I3) 

V  s(s  +  4I7)(s  +  2.95) 

(s-13,3)2 
p*  (s  +  13.3)2 


•Figure  F-2.  Heading  Closure  with  Rudder  for  N§  =  0, 

L r  =-1.2  and  Pilot  Rating  of  6-1/2  a 
vr 


For  Both  Loops  Closed  at  2.0  rad/sec 
cr^/o-vg  =  .102  rad/ft/sec 
oty/av  =  .153  rad /ft/sec 


_  A^(s  +  .083) 
&r]<£— "  s(s  +  .4I7)(s  +2.95) 

Y  _  „  (s-13.3)2 

p*  '  p+  (s  +  13.3)2 


Figure  F-3.  Heading  Closure  with  Rudder  for  Ns  =  0, 
Lgr  =+1.0  and  Pilot  Rating  of  6-1/2  a 


ID  FORK 


-<T°^  releasable  to  foreign  nationals': 
Shelved  numerically  in  the  vault.  W 


